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Abstract 
Leachate, liquid that percolates through waste contained within a solid waste 
landfill, can pose a threat to the environment and public health if it’s allowed to 
reach or surface- or groundwater aquifers. Proper management of leachate can 
mitigate this risk.  
The Hydrological Evaluation of Landfill Performance (HELP) model is a tool 
that can be used to assess the potential of a given landfill design to produce leachate. 
However the HELP model was designed specifically for use in the U.S. and only 
includes data applicable to U.S. locations. To ensure simulation results are as 
accurate as possible, local weather and soil data are required as inputs in the model.  
The goal of this thesis was to obtain the required soil and weather data and 
make them accessible for use within the HELP model, through a new graphical user 
interface. The structure of the research presented in the following thesis is based 
around the research question: “How can the HELP model best be adapted to 
adequately simulate the water balance of solid waste landfills in Queensland?”  
To adapt the weather generator, WGEN, new stochastic precipitation, 
temperature and solar radiation parameters are required. These parameters have been 
calculated for twenty-one locations around Queensland, utilizing the historical 
record.  
To accurately reflect the hydrologic properties of Queensland soils a new 
dataset is required. Soil hydrological data were obtained from the literature and 
grouped into several textural classes, representative of Australian soils. A 
representative value for each available textural class was then calculated from the 
dataset.  
To enable the use of the HELP model in modern computing environments and 
to allow for the use of the new weather and soil data, a new HELP graphical user 
interface was built, from scratch The GUI is based on the design of the original 
HELP interface, resulting in a modern user friendly interface. The functionality of 
the interface was demonstrated in synthetic case study. A HELP model specifically 
adapted to Australian soil and climatic conditions will help to ensure that regulatory 
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requirements related to the design of new landfills or hydrologic assessment of 
existing landfills can be met in the most stringent manner.  
The primary outcome of this research is the creation of a new HELP model 
interface which contains the new weather and soils data and will be available to 
stakeholders as a shareware tool.  
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Chapter 1: Landfills and Solid Waste 
Management 
1.1 INTRODUCTORY STATEMENT 
The Hydrologic Evaluation of Landfill Performance (HELP) model is the 
predominant tool used to model water balance and estimate leachate production in 
sanitary landfills in North America (Xu, Kim, Jain, & Townsend, 2012) and in many 
countries around the world (Berger, 2013). The HELP model was developed by the 
U.S. Army Corps of Engineers (USACE) for the United States Environmental 
Protection Agency. The latest software version (version 3.07) of the HELP model 
was released by the USACE’s Environmental Laboratory in November 1997. The 
program is designated as shareware and is therefore freely available without any 
Intellectual Property restrictions. Version 3.07 of the HELP model is a DOS program 
designed for 16-bit computers, and will not run in modern 64-bit computing 
environments. In addition, this version of the model only includes default US soil 
and weather data which are not directly applicable to other regions apart from the 
US.  
 
1.2 LANDFILL DISPOSAL 
Landfill disposal of municipal solid waste (MSW) is the most common 
disposal method in most countries (Kjeldsen et al., 2002) and is also the most 
common disposal method in Australia (Scott, Beydoun, Amal, Low, & Cattle, 2005). 
The design and operation of a landfill possesses numerous environmental and 
societal challenges, including the management of landfill gas, the management of 
landfill leachate in the context of local groundwater and surface water resources, the 
need to reduce pests that may be attracted to waste, as well as the attitude of 
communities residing in the vicinity of the landfill (O'Leary et al., 1995). Modern 
landfills use containment systems to control the movement of liquid and gas in and 
out of the landfill. To restrict the movement of liquid, hydraulic barriers are 
employed, both on top of the waste, to control the infiltration of precipitation and 
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below the waste to stop contaminated liquid, which is termed leachate (Albright, 
Benson, & Waugh, 2010).  
Landfill disposal is a convenient and economic method of waste disposal, but 
unsuitable management can lead to contamination of the surrounding environment, 
particularly ground and surface waters (Scott et al., 2005). A modern sanitary landfill 
is an engineered solution ensuring the efficient and environmentally safe disposal of 
waste (Yalcin & Dermirer, 2002). The design of a sanitary landfill is a carefully 
considered process that involves the complete management of all aspects of waste 
disposal. An engineered sanitary landfill allows for the collection of methane, as well 
as leachate, thus allowing for the comprehensive protection of the surrounding 
environment.  
1.2.1 A short history of modern landfills and waste management 
The concept of a sanitary landfill first emerged during the 1930’s, in response 
to heightened public awareness of leachate contamination threatening public health. 
Prior to this time, landfills were essentially open pits. The main developments during 
this time were the use of a daily soil cover, to reduce smell of the waste, as well 
incineration to reduce waste volume (Scott et al., 2005). After the Second World War 
disposable packaging became more commonplace and both municipal and industrial 
waste streams steadily increased, with most waste being disposed of in landfills 
(Vaughn, 2008). During the 1960’s and 70’s serious incidents of contamination lead 
to further developments and the concept of a landfill as an engineered solution to 
waste disposal emerged. Waste was increasingly separated into different streams, 
depending on its potential to be harmful. As such industrial waste and municipal 
waste were no longer seen as acceptable to dispose together, as was common practise 
in previous years. The need to stop leachate from polluting local water sources was 
realised and to this end liners were developed. Initially landfills were fitted with 
caps, to prevent the infiltration of liquid into the waste. It wasn’t until the early 
1990’s that landfills were equipped with a bottom liner as well and modern 
engineered sanitary landfills began to take shape. Community pressure and 
expectation again lead to the improvements in landfill design. Bottom liners, leachate 
treatment, intensive groundwater monitoring and landfill gas management became 
commonplace (Scott et al., 2005). Modern day landfills are part of an encompassing 
approach to waste management, often termed Integrated Solid Waste Management. 
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This approach emphasises the need to reduce and recycle as much as possible, but 
also to ensure that landfills are designed and operated in an environmentally sound 
manner (Bagchi, 2004).  
While waste management has evolved a lot over the last century and is up to a 
high standard in the developed world, waste management and its associated 
environmental problems have received less attention in modern times. This can 
mostly be attributed to public attention being focused on a litany of prominent 
environmental issues, such as global warming, resulting in less funding for research 
into waste and waste management (Vaughn, 2008).Waste management and the 
design of safe and efficient landfills however is a contemporary and relevant issue. In 
the face of unsurpassed global population growth and the resulting expected increase 
in demand for potable water (The United Nations World Water Development Report, 
(2014) it is important to protect water resources from pollution caused by improper 
or unsafe waste management practices. A modern sanitary landfill is able to control 
the movement of moisture through its profile, limiting the risk of environmental 
contamination.  
1.2.2 Design of modern landfills  
Modern sanitary landfills are designed to minimize the potential negative 
environmental and societal consequences that a landfill can have. These can include 
the management of landfill gas, the management of landfill leachate in the context of 
local groundwater and surface water resources, the need to reduce pests that may be 
attracted to waste, as well as the attitude of communities residing in the vicinity of 
the landfill (O'Leary et al., 1995). For the purpose of this research the potential of a 
landfill to generate leachate is the most important issue.  
A modern sanitary landfill can be divided into multiple sections, based on their 
role in leachate generation management. Figure 1 (O'Leary et al., 1995), shows a 
cross section of a typical modern landfill, including multiple design aspects 
pertaining to leachate management, as well as landfill gas management. Aside from 
an overview of the design, the figure also shows the presence of groundwater and 
methane monitoring probes, a common requirement for modern landfills.  
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Figure 1: Standard Design of a MSW Landfill (O'Leary et al., 1995) 
The landfill is designed and constructed from the base up to minimize the 
movement of leachate through the landfill and in particular the movement of leachate 
out of the base of the landfill. At the base of the landfill is a system of liners and 
drainage layers with drainage pipes. The drainage layer typically will consist of 
gravel or sand, to allow the easy movement of water towards the drainage pipes. The 
use of synthetic drainage material is also possible. The drainage pipes overlay a 
barrier layer and their purpose is to collect and remove leachate from the landfill. It 
also reduces the leachate head on the liner, thereby minimizing the primary cause of 
leachate leakage (Rowe, 2011). The purpose of the bottom layer is act as a physical 
barrier for the leachate and can be a thick clay layer, or can consist of a combination 
of clay and geosynthetic material. The design of the liner system varies between 
different landfills. The base of the landfill  
Waste is added to the landfill in cells. A thin layer of waste is added to the 
working side of the active cell, compacted and then covered by a daily soil cover, 
reducing the active area of the landfill. Once the landfill is filled to capacity a final 
cover or “cap” is emplaced above the waste, the purpose of which is to stop the 
infiltration of liquids into the landfill. Methane is also monitored and recovered from 
the landfill. (O'Leary et al., 1995; Schroeder, Lloyd, Zappi, & Aziz, 1994). 
The role of the landfill cap is to control the infiltration of liquid into the 
landfill, as the volume of leachate generated is directly related to the amount of water 
infiltrating through the cap (Rowe, 2011). As with the base of the landfill multiple 
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design alternatives exist, but all of them utilize a barrier layer overlain by a vegetated 
surface layer. The barrier layer stops infiltration into the landfill and the vegetated 
layer encourages evapotranspiration and prevents erosion of the cap. Additionally 
most landfill covers will have a drainage layer overlaying a barrier layer, which 
diverts liquid laterally (Albright et al., 2010). 
1.2.3 Landfill design, waste management and regulation in Queensland and 
Australia 
Two areas of the design are of particular importance, in terms of the leachate 
generation potential; the base of the landfill and the final cap. Queensland landfill 
siting and design guidelines do not specify explicitly how a cap or base liner system 
and leachate collection system should be designed and constructed. Examples of best 
practice designs specific to Queensland could not be found. For examples of the 
design standards expected in Australian landfills the Victorian guidelines were used 
(Environmental Protection Agency Victoria, 2010).  
 
 
Figure 2: Two design alternatives for landfill caps (Environmental Protection Agency Victoria, 2010) 
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Figure 3: Landfill liners and drainage system designs. Best available technology (left) and commonly 
available technology (right) (Environmental Protection Agency Victoria, 2010).  
Figure 2 and Figure 3 show some recommended designs for the cap and liner 
systems of Australian landfills, as shown in the Victorian guidelines. (Environmental 
Protection Agency Victoria, 2010). The Victorian guidelines specify that best 
practice case should result in leakage of no more than 10 L/ha/day and the commonly 
available design should not exceed leakage of 1000 L/ha/day.  
In Queensland each landfill is licenced individually and has specific conditions 
attached to its licence that must be maintained (Department of Environment and 
Heritage Protection, 2013). The Queensland landfill siting and design guidelines are 
designed to be relatively broad, while the licence of each landfill will be provide the 
specific detailed conditions. These specific conditions would include requirements 
on leachate management and groundwater testing, and give guidelines on the 
acceptable limits of leachate leakage and pollution concentration in groundwater  
There are a few pieces of legislation that apply to the design and management 
of landfills in Queensland. They are: 
• Environment Protection Act 1994 
• Environment Protection (Waste Management) Regulation 
2000 
• Environment Protection Regulation 2008 
• Waste Reduction and Recycling Act 2011 
These pieces of legislation form the legal framework for waste management 
and landfill design in Queensland, while the Landfill siting, design, operation and 
rehabilitation guidelines provide the guidelines that stakeholders adhere too. The 
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Environmental Protection (Waste Management) Policy 2000 (Queensland 
Government, 2000) states that it’s the state environmental agencies responsibility to 
manage generated waste with minimal adverse impacts on the environment and 
public health.  
The Queensland the guidelines for landfill design and management lay out 
some broad requirements in terms of leachate management and ground and surface 
water protection. (Department of Environment and Heritage Protection, 2013). As 
stated above the guidelines are relatively broad on don’t set out a lot of specific 
requirements. Rather the regulations and guidelines are worded to state that 
environmental harm and risk to public health must be minimized. Some broad 
requirements in terms of leachate management and ground and surface water 
protection as set out in the guidelines are listed below.  
The guidelines state that “The primary design objective of the liner and 
leachate collection system is to protect the environmental values of groundwater” 
(Department of Environment and Heritage Protection, 2013). The guidelines also 
require the monitoring of groundwater, so that this can act as an early indicator of 
groundwater contamination. The guidelines state that water balance modelling must 
be undertaken, to predict the potential volume of leachate that a landfill may 
generate. While the Queensland guidelines do not mention which models might be 
best, while the Victorian guidelines specifically mention HELP  
A version of the HELP model specifically adapted to Queensland would be 
useful for landfill designers and operators as it could be used to meet the regulatory 
requirements described. Landfills in Queensland must be designed to minimize 
environmental harm and groundwater pollution. The HELP model can be used to 
assess the potential of a given landfill design to produce leachate and can also be 
useful in estimating the amount of leachate that the drainage system needs to 
equipped to handle.  
While Queensland has strategies in place to reduce the amount of waste going 
to landfill, there will always be a portion of solid waste which is not possible to 
recycle, and will need to be disposed of, commonly in a landfill site (O'Leary et al., 
1995; Yalcin & Dermirer, 2002). In the year between 2011 and 2012, the State of 
Queensland sent about 4,015 kilo tonnes of waste for landfill disposal, out of a total 
waste production of 7,301 kilo tonnes (excluding fly ash) (Randell, Picking, & Grant, 
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2014). This corresponds to a waste generation rate of 0.89 tonnes of waste to landfill 
per capita.  
Waste generation and its disposal vary depending on many factors which 
include population numbers, weather, local vegetation, and waste disposal habits. 
Data collected by the Australian Government shows an increase in waste disposal to 
landfill in Australia’s four most populous states from 1990 - 2011 (Australian 
Government, 2013). The population of Australia and Queensland is forecasted to 
grow rapidly over the next fifty years. Even if recycling rates continue to increase 
and waste generation rates are reduced, there will be a large amount of waste that 
needs to be disposed of, in a safe manner  
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1.3  LEACHATE 
Leachate is any liquid that has come into contact with waste. As the liquid 
flows though the landfill it reacts both physically and chemically with the waste, 
resulting in contaminated leachate. The presence of microbial activity in the landfill 
also leads to the aerobic and later anaerobic decomposition of waste. This results in 
the release of gases such as methane and carbon dioxide, as well as the production of 
ammonia (Bagchi, 2004). The bio-chemical reactions that occur in a landfill are 
complex and varied, as is the quality of leachate produced. Landfill bio-chemistry 
and therefore leachate composition varies depending on the composition of the 
waste, the elapsed time since closure, atmospheric temperature, available moisture 
and available oxygen, all of which vary from landfill to landfill (Bagchi, 2004).  
Modern Sanitary Landfills attempt to control leachate by utilizing a final cover 
to prevent infiltration, over the waste and a system of liners at the base of the landfill, 
to prevent percolation of leachate into the surrounding environment (O'Leary et al., 
1995). A modern sanitary landfill is an engineered solution ensuring the efficient and 
environmentally safe disposal of waste (Yalcin & Dermirer, 2002). 
Furthermore landfills evolve over time going through at least four distinct 
stages of decomposition, which affect the leachate produced: initial aerobic phase, 
anaerobic acid phase, initial methanogenic phase and stable methanogenic phase 
(Kjeldsen et al., 2002). The overall trend is for the concentration of pollutants in 
leachate to increase over time, before slowly dropping off over the life of the landfill 
(Bagchi, 2004). The first phase of decomposition is the aerobic phase. During this 
phase oxygen contained in the pore spaces of the waste is consumed, while the 
majority of leachate produced is due to moisture released during compaction. The 
aerobic phase can only continue until the oxygen within the landfill is depleted, 
which will not take more than a few days. Once oxygen is depleted waste 
decomposition becomes anaerobic. Multiple types of anaerobic bacteria are involved 
in the degradation, but ultimately the anaerobic phase involves the reduction of pH. 
The acidic pH, in turn, results in a solution capable of an aggressive leach and 
enhances the solubility of many compounds including heavy metals. Both Biological 
Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) in the leachate are 
high during this phase. The initial methanogenic phase is marked by the onset of 
measurable levels of methane production and an increase in pH, to levels capable of 
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sustaining methanogenic bacteria. Acids produced during the previous phase are 
converted to methane and carbon dioxide, resulting in the steady increase of pH. The 
stable methanogenic phase is characterized by maximum methane production. The 
pH is relatively stable and while some COD remains in the leachate, BOD is reduced 
drastically. No landfill that is currently monitored is known to have progressed 
beyond the stable methanogenic phase, though theoretically waste will continue to 
decompose until no more decomposable material remains, going through further 
distinct phases along the way (Kjeldsen et al., 2002). Landfills have the potential to 
release contaminated leachate, during these theoretical phases as well, for upwards of 
a hundred years (Scott et al., 2005). 
According to Kjeldsen et al. (2002) Contaminants that may be contained within 
leachate can be divided into four subcategories 
• Dissolved organic matter, quantified as COD, fatty acid and other more 
refractory organic compounds 
• Inorganic macro components, such as Calcium, Magnesium, Sodium, 
Potassium, Ammonium, Iron, Chloride and Sulfate 
• Heavy Metals, such as Cadmium, Chromium, Copper, Lead, Nickel and 
Zinc 
• Man-made chemical compounds, such as aromatic hydrocarbons, phenols, 
pesticides and plasticizers 
Due to the complex nature of landfill bio-chemistry even compounds not 
normally considered toxic, may react to mobilize more toxic constituents of the 
waste. Landfill leachate poses a serious risk of environmental contamination to 
groundwater and surface waters, if it is able to percolate out of the landfill. If 
leachate reaches a groundwater reservoir then it is possible for the contamination to 
spread over a large area. There can be long term consequences, as the pollutants 
contained within leachate may accumulate in sediments or bio-accumulate in aquatic 
organisms (Scott et al., 2005). 
Examples of landfill leachate contaminating groundwater sources can be found 
in the literature. Ford et al. (2011) describe the contamination of groundwater from a 
legacy landfill site, operated before regulations to emplace a liner system and remove 
leachate were enacted, in Massachusetts USA. North, Frew, and Peake (2004) 
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describe the contamination of a surface stream from an active reasonably modern 
landfill, near the city of Dunedin, New Zealand. Examples of landfill leachate 
contaminating surface and groundwater systems show the importance of analysing 
the potential of any landfill to produce leachate.  
The bio-chemistry of a landfill changes over time and is affected by the waste 
composition. Likewise the make-up of the leachate varies. It is therefore difficult to 
predict exactly what contaminants to expect in a landfill. Table 1 has been put 
together from data obtained from four Australian landfills and gives an indication of 
the contaminants contained within landfill leachate. Three of the landfills were 
located in New South Wales and one in Victoria.  
Table 1: Leachate Profile derived from four Australian Landfills (values in mg/L unless indicated) 
(Scott et al., 2005) 
Pollutant Range (mg/L)  
PH 5.3 – 8.9  
BOD5 (5 day biochemical oxygen demand) 6.8 – 11,400 
TOC (total organic carbon) 59 – 6,200  
COD (chemical oxygen demand) 50 – 14,000 
Conductivity (μS/cm) 240 – 22,000  
Temperature (°C) 15 – 38  
Total Suspended Solids  8.6 – 2600 
Total Dissolved Solids  270 – 14,000 
Nitrogen (organic) 2 – 70  
Ammonia (NH3) 1.1 – 1,600 
Total phosphorus (P) (µg/L) 80.6 
Cl-  40 – 6400  
SO32- 0.2 – 1.03 
SO42- 1.4 - 295 
Alkalinity as CaCO3 490 – 4500  
Calcium (Ca) 70 – 350  
Magnesium (Mg) 0.74 – 540  
Potassium (K) 62.3 – 1,200  
Sodium (Na) 71 – 3,900 
Arsenic (As) 0.008 – 0.07 
Barium (Ba) <1 – 22.5 
Boron (B) 1.3 – 2.2  
Copper (Cu) <1 
Cadmium (Cd)  <0.05 
Chromium(Cr) 0 – 0.13 
Iron (Fe) 0.56  – 235  
Lead (Pb) <0.1 
Manganese (Mn) <0.05 – 0.95 
Mercury (Hg) <0.002 
Nickel (Ni) 0.07 – 0.08 
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Pollutant Range (mg/L)  
Selenium (Se) <0.01 
Silver (Ag) <0.05 
Zinc (Zn) 0 – 12  
Phenols 0 – 24 
Toluene 0 – 1  
Xylenes 0 – 0.5  
Benzene 0 – 0.4  
Ethyl benzene 0 – 0.12  
 
1.4 CALCULATING LEACHATE GENERATION RATES 
1.4.1 Water balance  
The most common method of modelling leachate production in a landfill is a 
water balance approach. A hydrologic water balance is used to account for all the 
inflows and outflows of water in given area. While a water balance approach has 
traditionally been used to estimate the rate of leachate production in landfills it has 
many other applications, such as agricultural water management, groundwater 
recharge and catchment scale hydrologic modelling. A basic water balance accounts 
for all inflows and outflows of water in a given soil layer. The inflow is precipitation 
(P), while the outflows are runoff (R), evapotranspiration (ET) and change in in soil 
water so storage (ΔS) also plays a part, all of which affect the leachate volume (Lv). 
According to Bagchi (2004) a simplified landfill water balance can be 
mathematically described as : 
Lv = P – ET – R – ΔS 
Precipitation is the most important component of the water balance, as it is the 
major contributor to the formation of leachate. Precipitation that falls on the landfill 
may leave the area as runoff or plant evapotranspiration. Any remaining liquid will 
enter the landfill. Some of the liquid will be stored in the soil or waste, while some 
will continue to flow downwards. Once precipitation has infiltrated through the 
landfill cover, the design of the landfill and the hydrological properties of the 
materials it is constructed with, will determine the path of the leachate. Most modern 
landfills employ leachate collection systems so that some leachate can be removed 
from the landfill before it percolates through the bottom liner. 
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1.4.2 Water balance method 
The water balance method was used traditionally up to early 1980’s to 
calculate the production of leachate in a landfill (Bagchi, 2004). The water balance 
method was first is described by Thornthwaite and Mather (1955). The water balance 
method can be completed by hand or using computer based spreadsheets. This 
approach divides the water balance into two phases. First, the infiltration through the 
landfill cap is calculated to determine the infiltration into the landfill. Then, water is 
routed through the waste section, to determine the time of first appearance of 
leachate at the base of the landfill. The water balance method is a simplified 
approach and makes several core assumptions, including ignoring any infiltration 
into the landfill prior to installation of the cap as well as ignoring the possibility of 
groundwater infiltration. Lateral drainage is also not accounted for.  
1.4.3 Hydrologic models currently used to evaluate Australian landfills 
A number of different models can be utilized to model the hydrologic 
behaviour of a landfill, as most soil water models could be used to estimate 
infiltration into a landfill. The most common models used in landfill hydrological 
evaluation in Australia are HELP, UNSAT-H and HYDRUS-1D. 
UNSAT – H 
UNSAT-H was designed to model unsaturated flow in soil, by solving the 
Richards Equation, and provide estimates of deep drainage. UNSAT-H was adapted 
from the original UNSAT code, specifically for use in designing landfill covers 
(Fayer, 2000). The major downside of the model is its inability to model covers lined 
with membranes. Kavazanjian and Thiel (2011), describe the use of UNSAT-H in 
their review of the Tullamarine Landfill cap design, near Melbourne.  
HYDRUS-1D 
Hydrus is a more complex modelling software, capable of modelling water 
flow by solving the Richards equation, solute transport and heat dispersion through 
the unsaturated zone. Hydrus-1D is available in the public domain, while 2D/3D 
versions are commercially available. Venkatraman, Ashwath, and Su (2010), present 
the use of Hydrus for evaluating an evapotranspiration cover, near Rockhampton. 
This type of cover relies on plant transpiration, instead of liners, to prevent 
infiltration.  
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Other models capable of calculating soil water balance are available, but little 
evidence of their use in landfill design in Australia was found. Some examples 
include the Soil Water Infiltration and Movement Model (SWIM) Simultaneous Heat 
and Water (SHAW), SoilCover and Variability Saturated 2 Dimensional Transport 
Interface (VS2DTI). Aside from public domain and commercial software, industry 
internal models are also likely present, however information on these is difficult to 
obtain. 
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1.5 THE HELP MODEL  
The HELP model is a water balance simulation which models the flow of water 
through layers in a landfill in a quasi-two-dimensional manner (Schroeder, Lloyd, et 
al., 1994). HELP modelling combines one dimensional processes, by modelling 
vertical flow (evaporation, infiltration, saturated and unsaturated flow) and lateral 
flow (runoff, lateral drainage). Both open and closed landfills can be modelled  using 
this approach (Berger, 2013; Xu et al., 2012). The HELP model is based on the same 
core concepts as the water balance method, but uses a more thorough sequence of 
calculations. The HELP model is a deterministic model, meaning given the same 
input data it will always produce the same output results. 
As inputs, the model requires weather data, soil hydrologic properties and 
landfill design data. Required values for specific U.S. locations are included in the 
model. Based on the selected values, the HELP model will then calculate the daily 
water balance of the specified landfill design under those environmental conditions. 
This gives an indication of the amount of daily, monthly, and annual leachate 
generation through the different landfill layers, based on the given design parameters.  
The HELP model is primarily a design tool, allowing for the comparison of 
different design alternatives. During the design stage the HELP model requires the 
user to define each layer as one of four types: vertical percolation layer, lateral 
drainage layer, barrier soil layer or geomembrane.  
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Figure 4: Example landfill design in HELP (Schroeder, Lloyd, et al., 1994) 
Figure 4 shows an example of a standard landfill design, as interpreted in the 
HELP model. In the HELP program a landfill design is created in layers. The HELP 
model allows for four types of layers, which are representative of the layers required 
for the construction of a landfill.  
 
Vertical percolation layer: Flow through these layers is by vertical 
unsaturated gravitational drainage. This type of layer provides moisture 
storage. Waste layers and soil layers designed to support vegetation are 
generally classified as vertical percolation layers.  
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Barrier soil liners: Provide a barrier to limit vertical drainage. Hallmark of a 
barrier soil liner is an extremely low hydraulic conductivity. 
Geomembrane liners: Are synthetic membranes designed to be virtually 
impenetrable.  
Lateral drainage layer: Are situated right above liners and are designed to 
promote lateral drainage.  
1.5.1 HELP method of solution  
As input data the HELP model requires daily weather data (precipitation, 
temperature and solar radiation), soil data (porosity, field capacity and wilting point) 
and a design data file specifying the arrangement of and type of layers of the landfill 
design. HELP can utilise historical weather data, or synthetic data can be generated 
using the WGEN  weather generator (Richardson & Wright, 1984). The design of the 
landfill is specified by the user.   
The HELP model calculates the movement of water into, through and out of a 
landfill. The modelled processes can be divided into two categories: surface process 
and subsurface processes. Surface processes considered are snowmelt, interception of 
rainfall by vegetation, surface runoff and evaporation of surface water. The 
considered subsurface processes are soil water evaporation, plant transpiration, 
vertical drainage, liner leakage and lateral drainage. The HELP model employs a 
discrete method of solution, with water balance accounting occurring from top to 
bottom.  
Surface processes are considered first and a surface water balance is initially 
calculated. Any surface water remaining after the conclusion of this step is 
considered to infiltrate into the landfill. Surface Runoff is calculated using the U.S. 
Department of Agriculture (USDA) Soil Conservation Service, SCS-curve number 
method (USDA & SCS, 1985b), which calculates the amount of runoff and surface 
storage based on the amount of precipitation, while taking into account land use, soil 
type and soil moisture content. Modifications have been made to this method in 
HELP to account for the surface slope of landfills.  
The infiltration of water into the landfill on any day consists of all rain that 
falls on that day, or any snowmelt that occurs on that day, minus the sum of runoff, 
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surface storage and surface evaporation. Any computed infiltration that exceeds the 
soils water storage capacity and drainage capacity is routed back to the surface.  
Once water has infiltrated into the landfill, subsurface processes are 
considered, starting with soil water evaporation and plant transpiration, collectively 
described as evapotranspiration. Potential evapotranspiration is calculated based on a 
modified Penman energy based approach (Penman, 1963). Actual evapotranspiration 
in HELP is calculated according to Ritchie (1972) , and is divided into surface water 
evaporation, soil evaporation and plant transpiration. Seasonal variation in the leaf 
area index (LAI), which is used to calculate the amount of plant transpiration, is 
modelled according to a vegetative growth and decay model taken from the 
Simulator for Water Resources in Rural Basins model (Arnold, Williams, Nicks, & 
Sammons, 1989). Evapotranspiration can only occur in the upper most layers and 
only up to the user specified evaporative zone depth.  
Vertical flow through the sub profiles is modelled using a water storage and 
routing approach. Water is routed downwards from one segment to the next, from top 
to bottom. The water balance for each segment is determined, based on a segments 
hydrological properties, water storage capacity, infiltration from above and any 
subsurface inflow or leachate recirculation. Any vertical drainage is routed 
downwards to the next segment. This occurs from top to bottom until the leakage out 
of the bottom landfill has been calculated. Vertical flow speed is modelled as 
unsaturated vertical drainage according to Campbell’s equation (Campbell, 1974). 
The sole driving force for vertical flow is considered to be gravity.  
Barrier soil liners or geomembranes act as barriers to control the drainage of 
liquid through the profile of the landfill. Percolation through a barrier soil layer is 
modelled as saturated vertical flow according to Darcy’s Law. HELP assumes the 
soil liner remains saturated at all times, and that percolation will occur when there is 
positive hydraulic head on the liner. Flow through geomembranes is calculated as 
flow through pinhole defects in the liner using the methods of Giroud and Bonaparte 
(1989). Percolation through geomembranes also occurs by vapour diffusion. HELP 
does not account for the deterioration of liners over time. Leachate removal is 
modelled using lateral drainage, which occurs when a lateral drainage layer is placed 
above a liner in the landfill design. Lateral drainage is computed as saturated flow 
and any leachate removed can be recirculated into an overlying layer. 
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Appendix B gives a summary of the mathematical methods employed by the 
HELP model along with a more detailed description of the individual modelling 
steps. The engineering documentation available with the HELP model (Schroeder, 
Dozier, et al., 1994) gives a full and detailed description of the modelling process 
utilized by HELP. 
1.5.2 WGEN 
Weather data are a major input into the HELP model. As has been previously 
discussed landfills have the potential to produce hazardous leachate for upward of a 
century and therefore it is necessary to assess the long term potential impacts of a 
planned landfill. It is possible to use historical data in HELP, but often the historical 
record is too short or contains gaps and outliers. Furthermore, the historical record 
provides only a single realisation of the weather in a given area. Therefore the ability 
to synthetically generate any number of years of daily weather data is advantageous. 
To this end HELP includes the synthetic weather generator WGEN (Richardson & 
Wright, 1984). WGEN is a stochastic weather generator which produces daily 
precipitation, daily temperature and daily solar radiation data. WGEN produces 
weather data with the same statistical properties as the historical record. This has the 
advantage of generating data that are representative of more than just one realization 
of the weather process.  
Precipitation Generation 
Precipitation in WGEN (Richardson & Wright, 1984) is calculated utilizing a 
Markov chain-gamma model. The Markov chain generates the occurrence of either a 
wet or a dry day and the gamma density distribution is used to generate the amount 
of precipitation on a wet day. The utilized gamma distribution is a two-parameter 
distribution.  
P(W/W) is the probability that a wet day will occur given that the previous day 
was a wet day. P(W/D) is the probability that a wet day will occur given that the 
previous day was a dry day. The Markov chain model requires a total of four 
parameters; however these are derived from the two parameters that need to be 
calculated as given in Equation 1. P(D/W) is the probability that a dry day will occur 
given that the previous day was wet and P(D/D) is the probability of a dry if the 
previous day was also dry.  
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Equation 1: 
P(D/W) = 1 – P(W/W) 
P(D/D) = 1 – P(W/D) 
The gamma model utilizes a probability density function to describe the 
distribution of precipitation amounts. 
Equation 2: 
𝑓(𝑝) =  𝑝𝛼−1 𝑒−𝑝𝛽
𝛽𝛼 Γ(𝛼)          𝑝,𝛼,𝛽 > 0 
Where: 
p is a random variable of daily precipitation 
f(p) is the density function of p 
α = the shape parameter 
β = the scale parameter 
e is the exponential function 
Γ(α) is the gamma function of α 
 
The shape parameter will determine the shape of the function (e.g. narrow or 
wide) and the scale parameter will determine the height of the function. In general, 
the function will appear skewed to the left. With the typical range of values for α and 
β (0 < α < 1 and β <1) f(p) decreases as p increases (e.g. after reaching a maximum). 
This is appropriate for the generation of precipitation as small amounts of 
precipitation are far more frequent than larger amounts (Richardson et al, 1984).  
The values for P(W/W), P(W/D), α and β need to be calculated for each month, 
as precipitation varies throughout the year.  
Temperature and Solar Radiation Generation 
Temperature and solar radiation are calculated based on the weakly stationary 
process described by Matalas (1967).The process calculates minimum temperature 
(tmin), maximum temperature (tmax) and solar radiation (r). Values are calculated on a 
daily basis according to a seasonal standard, a seasonal mean and residual elements. 
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Equation 3: 
𝑡𝑖(𝑗) =  𝜒𝑖(𝑗)  ×  𝑠𝑖(𝑗) + 𝑚𝑖(𝑗) 
This can also be described using the coefficient of variation instead of standard 
deviation 
Equation 4: 
𝑡𝑖(𝑗) =  𝑚𝑖(𝑗)[𝜒𝑖(𝑗)  × 𝑐𝑖(𝑗) + 1] 
Where  
𝑡𝑖(𝑗) = the daily value to be calculated 
j = tmax(j=1),tmin(j=2) or r(j=3 ) 
𝜒𝑖 = a 3 x 1 matrix of residuals of tmax, tmin and r 
𝑠𝑖(𝑗) = the standard deviation  
𝑐𝑖(𝑗) = the coefficient of variation 
𝑚𝑖(𝑗) = the mean 
𝑖 = the day for which data are being calculated 
 
The mean and standard deviations used are dependent on whether day i is wet 
or dry, which is derived from the precipitation model. Furthermore the mean and 
coefficient of variation vary seasonally along a harmonic function. 
Equation 5: 
𝑢𝑖 =  𝑢� + 𝐶 cos  � 2𝜋365 (𝑖 − 𝑇)� 
Where: 
𝑢𝑖 = the value of 𝑚𝑖(𝑗) or 𝑐𝑖(𝑗) 
𝑢� = the mean of 𝑢𝑖 
𝐶 = the amplitude of the harmonic 
𝑇 = the position of the harmonic, in days 
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The daily covariance is then converted into standard deviation by multiplying 
the covariance with the mean.  
 
Equation 6: 
𝑠𝑖(𝑗) =  𝑐𝑖(𝑗)  ×  𝑚𝑖(𝑗) 
The standard deviation is then used in Equation 4 to calculate the value of 
𝑡𝑖(𝑗). Equation 5 shows how the seasonal variation in temperature and solar radiation 
is produced by a harmonic function. Both the mean and standard deviation follow the 
harmonic function throughout the year, changing from day to day. The mean and 
standard deviation on day i will be the same on day i the following year. 
Consequently, daily variation is introduced using the matrix of residual elements 
𝜒𝑖(𝑗).  
Equation 7: 
𝜒𝑖(𝑗) = 𝐴𝜒𝑖−1(𝑗) +  𝐵𝜀𝑖(𝑗) 
Where: 
𝜀𝑖 = a 3 x 1 matrix of independent random components 
𝐴 and 𝐵 = 3 x 3 correlation matrices.  
A is calculated from lag 0 cross correlation coefficients whereas B is calculated 
from lag 1 cross and serial correlation coefficients between maximum temperature, 
minimum temperature, and solar radiation.  
In this way, A and B matrices are derived from two separate matrices M0 and 
M1.  
Equation 8: 
𝐴 =  𝑀1𝑀0−1 
Equation 9: 
𝐵𝐵𝑇 =  𝑀0 −  𝑀1𝑀0−1𝑀1𝑇  
Subscripts T and -1 indicate the transpose and inverse of the matrix 
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Matrices M1 and M0 are composed of correlation coefficients between 
variables tmin, tmax and r. M0 is the lag zero matrix and the correlations are between 
variables on the same day. M1 is the lag 1 matrix. They are defined as: 
Equation 10: 
𝑀0 =  � 1 𝜌0(1,2) 𝜌0(1,3)𝜌0(1,2) 1 𝜌0(2,3)
𝜌0(1,3) 𝜌0(2,3) 1 � 
Equation 11: 
𝑀1 =  � 𝜌1(1) 𝜌1(1,2) 𝜌1(1,3)𝜌1(2,1) 𝜌1(2) 𝜌1(2,3)
𝜌1(3,1) 𝜌1(3,2) 𝜌1(3) � 
 
Where: 
𝜌0(𝑖, 𝑗) = the correlation coefficient between those variables, on the same day 
𝜌1(𝑖, 𝑗) = the lag 1 correlation coefficient, where variable j is from the previous 
day (lagged by 1) in respect variable i.  
𝜌1(𝑖) = the lag 1 correlation of variable i with its previous value 
1 = tmin; 2 = tmin; 3 = r 
The model calculates the temperature and solar radiation by varying the mean 
and standard deviation along the harmonic function, throughout the year. Daily 
variation is introduced by the use of residual matrix 𝜒𝑖(𝑗) as seen in Equation 7. 
Since the residual matrix for a given day i, is calculated by taking into account the 
residual element for the previous day (i-1) the value of 𝜒𝑖(𝑗) will change from day to 
day. Also, each residual element incorporates a random component (𝜀𝑖). This has the 
result that even though day i has the same mean and standard deviation as the same 
day in any following years, the actual calculated value will vary accordingly.  
Equation 12:  𝜒𝑖(𝑗)  ≠ 𝜒𝑖+365(𝑗) 
𝑡𝑖(𝑗)  ≠  𝑡𝑖+365(𝑗) 
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1.5.3 Development and Validations of the HELP Model  
The development of the Hydrologic Evaluation of Landfill Performance 
(HELP) model for the United States Environmental Protection Agency (EPA) began 
in 1982, by Paul Schroeder and colleagues, of the U.S. Army Waterways Experiment 
Station, Army Engineer Corps, with version 1 released in 1984. Released in 1994, 
HELP version 3 was a major enhancement, mostly because it included a DOS based 
menu-driven user interface and furthermore because of enhancements in the 
modelling process, such as including WGEN (Richardson & Wright, 1984). Since 
the release of version 3.07 in 1997, no further modifications have been made to the 
HELP model by the original creators of the model. However, other researchers have 
carried out updates or modifications to enable its wide spread use. The most 
significant modifications of the HELP model, which included some enhancements, 
have been made by Dr. Klaus Berger  to enable the use of HELP in Germany 
(Berger, 2000, 2002, 2013). Dr. Berger’s HELP 3.95D has undergone operational 
validation in two German landfill settings (Berger, 2013; Melchior, Sokollek, Berger, 
Vielhaber, & Steinert, 2010).  
Version 3.07 of the HELP model has undergone various validations in the 
United States. Khire, Benson, and Bosscher (1997) tested the accuracy of HELP in 
predicting percolation through a final landfill cover. Roesler, Benson, and Albright 
(2002) describe the results of applying the HELP model to data obtained from the 
Alternative Cover Assessment Program (ACAP). Albright, Benson, and 
Apiwantragoon (2013) compare field measurement from seven sites with HELP 
model predictions. Overall validation results from these studies indicate that the 
HELP model provides adequate estimations, given the complex nature of 
hydrogeological modelling, while critical review of simulation results is 
recommended. HELP effectively captures seasonal trends, and overall percolation 
results can be viewed as an approximation. 
Taulis (2002), details the adaptation of the HELP model to developing 
countries using Chile as a case study in his Master’s Thesis. This work focused 
mostly on creating an upgraded weather interface and weather generation routine 
(WGEN) for the HELP model. In addition, Taulis and Milke (2005) presented 
specific insights into the applicability of WGEN in arid countries.  
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A commercial version of the HELP model, known as Visual HELP is also 
available. Visual HELP was created by Waterloo Hydrogeologic, which was 
purchased by Schlumberger in January 2005 (Berger, 2013). The Visual HELP 
program is a more user friendly version of HELP 3.07, as it employs a graphical 
interface. It also includes a database of over 3000 weather stations from around the 
world, for use with the WGEN weather generator. The current version is dated 
November 2004, and is intended to be run in 32-bit computing environments (SWS, 
2014).  
Advantages of HELP over other models 
Compared to other available models HELP has two significant advantages. 
HELP requires only relatively simple data input. While models based on Richards 
Equation, such as UNSAT-H, may produce more accurate results (Khire et al., 1997; 
Scanlon et al., 2002) the detail of required input data can be a problem, as they may 
be harder to obtain. Models that utilize the Richards equation employ a continuous 
method of solution, while the HELP model uses a discrete method of solution, 
accounting for the water balance layer by layer. 
 Furthermore, HELP simulates the behaviour of a complete landfill. Most of 
the other models used in landfill hydrologic evaluation are soil-water models, which 
can only model the inflow of water through the landfill cap. HELP models the entire 
landfill, including flow through the waste section and percolation through the bottom 
liner. HELP was specifically designed to model the presence of synthetic 
membranes, which can be difficult to incorporate in purely soil-water models. The 
inclusion of WGEN for the generation of precipitation, temperature and solar 
radiation data for use in HELP is another advantage and further reduces the need for 
complex input data. 
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1.5.4 HELP program execution 
The current shareware version of HELP, version 3.07, is a 16-bit DOS 
program. This means HELP 3.07 is incompatible with modern 64-bit computing 
environments and will not run in these environments. The HELP code can be divided 
into two separate sections, the Graphical User Interface (GUI) and the underlying 
model executables that perform the calculations.  
While the source code for the HELP and WGEN executable files function 
properly in their 64-bit versions after recompilation in these environments, their 
widespread use is limited without a graphical user interface to define the program 
input and manage the design of the landfill. Presently, the 16-bit DOS user interface 
included in the original HELP 3.07 program is entirely obsolete as it only runs in 16-
bit or 32-bit environments but not in modern 64-bit environments. The HELP GUI is 
further divided into two main sections: A weather interface which controls the 
modelling of weather data, and a design interface responsible for the input of soil 
data and the design specifications of the landfill. A general overview of the HELP 
model can be seen in Figure 5 
 
Figure 5: HELP program overview (Taulis, 2002) 
 Chapter 1: Landfills and Solid Waste Management 27 
The weather interface allows the user to select the desired location for the 
program execution. Through this interface, the user can choose to either use default 
weather data supplied with the model (U.S. only) or to generate synthetic data. The 
original HELP 3.07 supplies five years of historic weather data for U.S. locations. 
Synthetic data are calculated using WGEN (Richardson & Wright, 1984), and the 
parameters required for the weather generator are stored in the Tape2.new file. The 
outputs of the weather generator are precipitation (saved to data4.D4), temperature 
(saved to data7.D7) and solar radiation (saved to data13.D13) data. 
The design interface allows the user to specify the design of the landfill by 
creating soil and waste layers as well as liner and drainage systems. Layers are added 
successively until a one-dimensional representation of the desired landfill has been 
designed. A sample design for a typical landfill in HELP is shown in Figure 4. Four 
categories of layers are available and they are grouped by their hydrological 
properties: Vertical percolation layers, Lateral drainage layers, Barrier soil liners, and 
Geomembrane liners. The design interface also requires the user to specify the area 
of the landfill, the precent of the surface where runoff is possible and the presence of 
any surface water at the start of the simulation. The user must also decide whether to 
initialize the moisture storage of any layers in the design manually or to let the 
program calculate the initial moisture content of each layer. The landfill design data 
are then stored as the file “data10.D10”. 
Once the user has created or selected weather data and specified the design and 
soil properties of the landfill, the temporary files are saved permanently using the file 
extensions shown in Table 2.  
Table 2: Required data files for simulation using help3o.exe 
Data Type File Extension 
Precipitation .D4 
Temperature .D7 
Solar Radiation .D13 
Evapotranspiration  .D11 
Design / Soil .D10 
Output file .OUT 
 
The output interface then allows the user to select the required input files. In 
this way the user can choose to reuse previously created design or weather files. All 
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file types listed in Table 2 are required to execute the simulation. The user is also 
required to specify the number of years to run the simulation for, up to a maximum 
of one hundred years, and whether to produce daily, monthly and annual outputs. A 
summary output is always created. Once the user has specified all the required input 
data files the help3o.exe program is executed. The movement of liquid into and 
through the landfill design is then calculated for the specified number of years. The 
output is printed to the specified .OUT file.  
 
1.6 THE QUEENSLAND CONTEXT 
Queensland is the second largest state in Australia, covering an area of 
1,852,642 km^2 and with a population of about 4.7 million people. In part due to its 
large size Queensland has multiple climatic zones.  
The Köppen climate classification is a commonly used climatic classification 
scheme. The Australian Bureau of Meteorology uses a Köppen climate classification 
scheme, modified from the original scheme, to better represent Australian climates 
(Stern, Hoedt, & Ernst, 2000). Based on this modified scheme, Queensland displays 
six major climatic zones: Equatorial, Tropical, Subtropical, Temperate, Grassland, 
and Desert. Figure 6 (Figure created by author with data from the Bureau of 
Meteorology, (2015)) shows the distribution of the modified Köppen climate zones 
through Queensland. The largest share of the coastal area is classified as subtropical, 
while further north the coastal climate is classified as tropical. The northernmost part 
of Queensland is classified as equatorial. Further inland the grassland climatic group 
dominates, while the centre of Queensland is classified as a desert. A small area of 
temperate climate also exists in the south-east corner, slightly inland of the state 
capital Brisbane.  
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Figure 6: Modified Köppen classification for Australia, with locations for weather parameter 
generation 
As Queensland covers multiple climatic and geological regions, the ability to 
evaluate landfill designs under these varied conditions is important. A design that 
performs well in one region may not do so in another. A version of the HELP model 
specifically adapted to Queensland weather and soil conditions is therefore relevant 
and can help improve the environmental effectiveness and safety of future landfills.  
1.6.1 Adapting the HELP model to Queensland 
To adapt the HELP model to Queensland new weather and soil data 
representative of the local conditions are required. Richardson and Wright (1984) 
supply the WGEN PAR program with their original research. WGEN PAR uses 
historical data to generate the required parameters for WGEN. The WGEN PAR 
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program requires daily data for precipitation, maximum temperature, minimum 
temperature and solar radiation. To use the WGEN weather generator in Queensland 
new parameters have to be calculated for a number of locations. The execution of the 
WGEN model is location specific, as are the data that will need to be collected. To 
adapt WGEN to Queensland twenty one locations have been chosen for data 
collection. Locations were primarily selected based on obtaining parameters for the 
most populated areas and on achieving a good spread through the different climatic 
zones spread throughout Queensland. Figure 6 shows the locations selected for 
weather data collection. The weather data collection and parameter generation 
procedure is described in detail in Chapter 2. 
Soil and design data are specified in the design interface of HELP. HELP 
requires several soil hydrologic properties, to compute the water balance for each 
layer. The hydraulic data for waste layers, drainage layers as well as liners and 
geomembranes are already included in HELP, and the user has the option to select 
these data or enter specific values directly. However, soil options available in HELP 
are currently only tailored to U.S. conditions. Therefore, new soil data have to be 
obtained for Queensland, considering the types of soils present in the region. To 
properly use the HELP model in Queensland, representative soil types need to be 
available for selection from the design interface. The soil data collection is described 
in detail in Chapter 3. 
Table 3: Required data from each location 
Data Type Data Units Timeframe 
Weather Data Daily Precipitation Inches 20 Years 
 Daily Maximum Temperature F° 10 Years 
 Daily Minimum Temperature F° 10 Years 
 Daily Solar Radiation Langleys 10 Years 
Soil Data Total Porosity vol/vol  
 Field Capacity vol/vol  
 Wilting Point vol/vol  
 Saturated Hydraulic Conductivity cm/sec  
 
Table 3 shows the total amount of data that will need to be collected. Weather 
data need to be collected for each desired location, while soil data need to be 
collected for each soil type to be included in the design interface. The weather 
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dataset is used to calculate generation parameters for the weather generator WGEN. 
The soil data are incorporated into the HELP GUI directly.  
Along with Queensland based weather and soil data, a new HELP GUI is also 
required to allow for use of the newly collected data. As discussed previously the 
current HELP GUI is obsolete. For this purpose a new weather interface needs to be 
created to allow for the use of new weather parameters with the WGEN model. A 
new design interface also needs be coded to allow the user to incorporate the new 
Queensland soils data into any landfill design. The design of a new HELP interface is 
discussed in detail in Chapter 4.  
A shareware version of the HELP model adapted specifically to Queensland 
soil and weather conditions, presents advantages over other available versions of the 
HELP model. Berger, (2000) presents a German adaptation to the HELP model. 
While this version presents a new user friendly GUI, it only presents U.S. and 
German soil and weather data. Since the model is specifically adapted to German 
weather and soil conditions it is not directly applicable to Queensland. Similarly 
work presented by Taulis (2002) only applies to Chilean locations. The only version 
of the HELP model that includes any Australian data is the commercial version, 
Visual HELP. Visual HELP provides WGEN parameters for various locations 
around the world, including locations in Queensland. However Visual HELP does 
not supply any soil data aside from the U.S. data supplied with the original HELP 
3.07. While Visual HELP has user friendly GUI, the software was designed for 32-
bit computing environments, and is not officially supported on operating systems 
above Windows XP. Furthermore the software is expensive. A new shareware 
version of the HELP model designed for Queensland, can improve on the available 
versions of the HELP model, by including carefully calculated weather parameters 
and new Queensland specific soil data, not previously included in any version of the 
HELP model. Furthermore this version of the HELP model will be shareware, so the 
GUI and included data will be available free of charge to other researchers.  
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1.7 OBJECTIVES AND RESEARCH PROBLEM 
The purpose of the research is to adapt the HELP model to Queensland specific 
soil and weather conditions to enable its correct application and wide spread use. 
This will help researchers improve the design and environmental assessment of 
sanitary landfills, which is a particularly important issue when faced by population 
growth, as is the case in Queensland. 
The objective of this research project is to adapt the shareware version of the 
HELP model so that it can be used in Queensland, taking into account specific 
weather and soil properties for selected Queensland locations. The specific objectives 
of this research include: 
• Calculation of new weather parameters to allow for the accurate use of 
the WGEN weather generator in Queensland. 
• Determination of new soil hydrological parameters specific to soils 
commonly found in Queensland. 
• Adapting the existing legacy HELP code to produce a modern user 
friendly graphical user interface (GUI) that will allow users easy access 
to the new weather and soil data.  
• Testing of the new GUI and data in a synthetic case study, to establish 
the functionality of the GUI and usability of the new data.  
The HELP model is a tool that can be used in the design of safer sanitary 
landfills. While the model has been extensively validated, any model first and 
foremost requires high quality data inputs to produce good estimates. For example, 
while Australian climatic data are presented in Visual HELP, the number of locations 
is limited and the quality of these data has not been rigorously checked. Furthermore 
a shareware version of HELP, capable of generating stochastic weather data would 
be beneficial to researchers, consultants, and government officials wanting to 
estimate leachate generation at QLD landfills. There is no version that specifically 
covers Australian soil hydrologic properties so the new modifications will provide 
guidance to those stakeholders wanting to apply the HELP model to Queensland 
locations.  
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The evolution of the HELP model, as detailed in the previous section, shows 
that the HELP model has been widely used since its creation nearly twenty years ago 
(Xu et al., 2012; Yalcin & Dermirer, 2002) and it is regarded as an effective 
benchmark tool for water balance modelling at landfill sites. Therefore, a customised 
version of the HELP model, specifically adapted to Queensland weather and soil 
properties, will be useful for the design of safe liner and capping systems as required 
by Queensland guidelines (Department of Environment and Heritage Protection, 
2013).  
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Chapter 2: Weather 
2.1 INTRODUCTION: 
To calculate the water balance of a given landfill the HELP model requires 
daily precipitation, temperature and solar radiation data. These data can come either 
from the historical record or can be generated synthetically. To produce synthetic 
weather data the HELP model includes the WGEN weather generator (Richardson & 
Wright, 1984). In order to generate synthetic weather the WGEN weather generator 
requires appropriate location specific parameters. The original HELP model includes 
WGEN generation parameters for locations throughout the U.S., but these parameters 
are of limited use for applications in regions outside of the United States. Attempting 
to use the U.S. parameters for non-U.S. locations subjects the modelling outcome to 
a high degree of speculation.  
To generate synthetic data for Queensland locations new weather parameters 
have to be calculated and loaded into the new HELP user interface. The required 
precipitation, temperature and solar radiation parameters and the mathematical 
methods employed by the WGEN weather generator are described in detail Chapter 1 
section 1.5.2 WGEN stochastic parameters have to be calculated from historical 
weather data. Richardson and Wright (1984) supply the source code for the WGEN 
PAR program, which is used to calculate the parameters. This code was previously 
translated to Visual Basic 6 by Taulis (2002). For this project the WGEN PAR code 
was upgraded to the Visual Basic 11 programing language and compiled as a new 
program to run the parameter calculation procedure.  
Synthetically generated data are preferred, as the historical record is always 
limited, whereas synthetic generation can be used to create hundreds of years of data, 
therefore allowing for a long term evaluation of a particular landfill. The historical 
record is only representative of one realisation of the weather process. Simply 
repeating the same historical sequence over and over would not lead to appropriate 
predictions, as the weather process is unlikely to be realised in the exact same way 
again. Stochastic data maintain the statistical properties of the historical record, but 
produce a randomized variation resulting in a variety of realisations of the weather 
process. Furthermore historic weather records are often either short or incomplete. 
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Ensuring the availability of high quality weather data are an important step in 
adapting the HELP model to a new region. The precipitation, temperature and solar 
radiation data play a major role in determining the water balance of the top most 
layer of a given landfill, which controls any infiltration of liquid into the rest of the 
landfill. High quality weather data will result in better water balance modelling 
results.  
To calculate the WGEN parameters, historic records of sufficient length 
containing daily values of precipitation, temperature and solar radiation data are 
required. The process for calculating these parameters is described in detail in section 
2.2. The historical data used for parameter generation are examined in section 2.3. 
Sections 2.4 and 2.5 present the generated parameters and comparisons of synthetic 
data with historic data.  
 
2.2 PARAMETER GENERATION: 
As described in Chapter 1 the WGEN model uses a coupled Markov Chain 
gamma model to simulate precipitation occurrence and amount. Simulation of 
Temperature and Solar Radiation is based on the weakly stationary process given by 
Matalas (1967). To utilize these methods of weather generation the appropriate 
parameters must be calculated from accurate historical data. To calculate the required 
parameters a new version of the WGEN PAR program was used (Richardson & 
Wright, 1984). This program is mathematically identical to the original WGEN PAR, 
but is better adapted to modern computing environments and is more user friendly. 
Table 4: Required input data for the parameter generation procedure  
Required Data Years of data required 
Precipitation 20 Years 
Maximum Temperature 10 Years 
Minimum Temperature 10 Years 
Solar Radiation 10 Years 
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To generate precipitation the following parameters are required, for each 
desired location. 
12 x P(W/W)  
12 x P(W/D) 
12 x α 
12 x β 
To generate synthetic temperature and solar radiation the following parameters 
are required, for each desired location 
TXMD – mean of tmax (dry)  
ATX – amplitude of tmax (wet or dry)  
CVTX – mean of coffiecnt of variation of tmax (wet or dry) 
ACVTX – amplitude of coefficent of variation of tmax (wet or dry) 
TXMW – mean of tmax (wet) 
TN – mean of tmin (wet or dry) 
ATN – amplitude of tmin (wet or dry) 
CVTN – mean of coefficient of variation of tmin (wet or dry) 
ACVTN – amplitude of coefficient of variation of tmin (wet or dry) 
RMD – mean of radiation (dry) 
AR – amplitude of radiation (dry) 
RMW – mean of radiation (wet) 
A Matrix 
B Matrix 
The parameter calculation procedure as per Richardson and Wright (1984) is 
described in the following sections.  
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2.2.1 Precipitation parameters 
Markov chain parameters 
The Markov Chain probability parameters  are used to determine the wet or dry 
status of a given day, based on the previous days wet or dry status (Richardson & 
Wright, 1984). The Markov chain model works by assigning “states”. In the case of 
WGEN a given day can have a status of either “wet” or “dry”. The status of a given 
day is dependent on the status of the previous day, hence the term Markov chain. The 
required parameters then are the probabilities of a status change occurring. 
The probability parameters can be estimated by counting the number of times 
the wet or dry status switches from one state to the other (Haan, 1977). In this case 
two probabilities must be estimated; the probability of a status change, if the status of 
the previous day is wet and the probability of no status change if the previous day is 
wet. The probability of a status change can be estimated in generalised form by 
Equation 13 (Haan, 1977) 
Equation 13: 
𝑃�𝑖𝑖 = 𝑛𝑖𝑖 �𝑛𝑖𝑖𝑚
𝑖=1
�  
Where: 
𝑃�𝑖𝑖 = Estimate of the probability of the state switching from state j to i  
i & j = the possible states, described by integer values (ie.: 1,2,3…) 
𝑛𝑖𝑖 = Number of times the data switched state from state j to state i  
𝑚 = the number of possible states   
 
Since rainfall varies throughout the year, to accurately reproduce the amount of 
wet days in a year the Markov Chain parameters need to be calculated independently 
for each month. From Equation 13 it can be seen, that the specific equations to 
calculate the required parameter P(W/D), for each month is 
Equation 14: 
𝑃�𝑖𝑊𝑊 = 𝑛𝑖𝑊𝑊 ��𝑖𝑖𝑊𝑊 + �𝑖𝑖𝑊𝑊��  
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Where: 
𝑃𝚥�𝑊𝑊  = Probability of the status of a day being wet given that the status of the 
previous day was dry for month j 
𝑛𝑖𝑊𝑊  = Number of times the status switched from Dry to Wet, during month j 
𝑖𝑖𝑊𝑊 = Wet day given that the status of the previous day was dry, for month j 
𝑖𝑖𝑊𝑊 = Dry day given that the status of the previous day was dry, for month j 
 
The estimate for the probability of a wet day given that the status of the 
previous day was dry is calculated as the number of days on which the status 
switched to wet given that the status of the previous day was dry over the sum of all 
days where the status of the previous day was dry. The probability of a wet day given 
the status of the previous day was also wet (P(W/W)) for each month of the year, is 
calculated in a similar way.  
Equation 15: 
𝑃𝚥�𝑊𝑊 = 𝑛𝑖𝑊𝑊 ��𝑖𝑖𝑊𝑊 + �𝑖𝑖𝑊𝑊��  
Where: 
𝑃𝚥�𝑊𝑊 = Probability of the status of a day being wet given that the status of the 
previous day was wet 
𝑛𝑖𝑊𝑊 = Number of times the status remained wet, during month j 
𝑖𝑖𝑊𝑊 = Wet day given that the status of the previous day was wet, for month j 
𝑖𝑖𝑊𝑊 = Wet day given that the status of the previous day was wet, for month j 
 
Gamma Distribution Parameters: 
As described in Chapter 1 section 1.5.2 a two-parameter gamma density 
function is used to generate precipitation amounts on wet days.  
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Equation 16 
𝑓(𝑝) =  𝑝𝛼−1 𝑒− 𝑝𝛽
𝛽𝛼 Γ(𝛼)          𝑝,𝛼,𝛽 > 0 
 
To define the function the α parameter, also known as the shape parameter and 
β parameter, also known as the scale parameter are required. α is known as the shape 
parameter, as modifying it while holding β constant changes the shape of the 
distribution. β is known as the scale parameter as modifying it while holding α 
constant changes the scale of the distribution. Figure 7 and Figure 8 show the effect 
of modifying one parameter while holding the other constant. 
 
Figure 7: The shape parameter 
 
 
Figure 8: The scale parameter 
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For 0 < α < 1, the shape of the distribution is skewed towards a high 
probability of low intensity precipitation events, with only a small area of the curve 
covering higher amounts of precipitation. This is an appropriate shape for modelling 
rainfall distribution, as minor amounts of precipitation occur much more frequently 
than larger amounts (Richardson & Wright, 1984) 
Greenwood and Durand (1960) (as cited in Haan, 1977) describe the procedure 
for calculating the α and β parameters, using the maximum likelihood estimators. α 
and β parameters are required each month. First the mean of the data and the mean of 
the logarithms of the data are calculated, for each month. These are then used to 
calculate a variable; 𝑦. 
Equation 17: 
?̅?𝑖 = �𝑥𝑖𝑖𝑛𝑛
𝑖=1  
Equation 18: 
ln𝑥𝚥������ = ∑ ln 𝑥𝑖𝑖𝑛𝑖=1𝑛  
 Equation 19: 
𝑦𝑖 =  ln ?̅?𝑖 −  ln 𝑥𝚥������ 
 
The value of the variable 𝑦 is then used to calculate the maximum likelihood 
estimators of α and β for that month, according to the procedure described by 
Greenwood and Durand (1960) (as cited in Haan, 1977). 
Equation 20 
𝛼�𝑖 = 8.898919 + 9.05995 𝑦 + 0.9775373 𝑦2𝑦 (17.79728 + 11.968477 𝑦+  𝑦2)            
Equation 21: 
𝑖𝑓 𝛼�𝑖  ≥ 1 ⇒ 𝛼�𝑖 = 0.998  
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Equation 22: 
?̂?𝑖 = ?̅?𝑖𝛼�𝑖 
 
Where: 
𝑥𝑖𝑖 = precipitation amount for wet day i in month j  
𝑛 = the number of wet days in month j 
𝛼�𝑖 = the maximum likelihood estimator for 𝛼𝑖, the alpha parameter for month j 
?̂?𝑖 = the maximum likelihood estimator for 𝛽𝑖, the beta parameter for month j 
 
The maximum likelihood estimators are then used as a direct estimate for the values 
of α and β. 
𝛼𝑖 ≈ 𝛼�𝑖 
𝛽𝑖 ≈ ?̂?𝑖 
 
2.2.2 Temperature and solar radiation parameters 
To calculate the Temperature and Solar radiation parameters the yearly data are 
split into thirteen 28-day periods, conditioned by wet or dry status. The mean, 
standard deviation and coefficient of variation are then calculated for each of the 
thirteen periods, from all available years. A Fourier series is then used to fit a curve 
to the results. The temperature and solar radiation parameters are the variables 
required to describe this curve. This procedure is carried out for each of the 
variables, for both wet and dry days. For parameters that are specifically conditioned 
on either a wet or dry status the parameter is calculated from only the wet or dry days 
in the data (e.g. TXMD & TXMW). For parameters that are not conditioned on wet 
or dry status (e.g. TN) the parameter is calculated from all available day.  
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Equation 23: Mean 
?̅?𝑖𝑝𝑗 = �𝑥𝑖𝑗𝑗𝑗𝑛
𝑖=1
𝑛𝑖𝑝𝑗�  
Where: 
?̅?𝑖𝑝𝑗 = The arithmetic mean of variable j, in period p, in state s 
j = The variable, tmax, tmin or solar radiation 
p = The 28-day period during which the variable is being calculated (1-13)  
s = The wet or dry status of the variable  
𝑥𝑖𝑗𝑗𝑗 = Value on day i for variable j in period p in state s 
𝑛𝑖𝑝𝑗 = The total number of days for variable j, in period p, in state s 
 
Equation 24: Standard Deviation 
𝜎𝑖𝑝𝑗 =  ��(𝑥𝑖𝑖𝑝𝑗 − ?̅?𝑖𝑝𝑗)2𝑛
𝑖=1
𝑛𝑖𝑝𝑗 − 1�  
Equation 25: Coefficient of Variation 
𝑉𝑖𝑝𝑗 = 𝜎𝑖𝑝𝑗?̅?𝑖𝑝𝑗 
A Fourier series is then fitted to the thirteen calculated values for mean and 
coefficient of variation. This results in a sinusoidal waveform that is plotted along 
the spread of the thirteen values. Using a sinusoidal wave the variation of 
temperature and solar radiation throughout a year can be described. The mean of the 
series and its amplitude are calculated and can later be used to recreate the same 
waveform when generating daily data. The Fourier series of a periodic waveform is 
given by Equation 26. 
Equation 26: 
𝑓(𝑡) = 𝑎02 + �𝑎𝑛 cos �𝑛𝜋𝑡𝐿 �∞
𝑛=1
+ �𝑏𝑛∞
𝑛=1
sin �𝑛𝜋𝑡
𝐿
� 
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Where: 
L = Period of the waveform  
𝑎𝑛 & 𝑏𝑛 = The Fourier Coefficients 
𝑎0
2
 = The mean value 
 
First the mean of the series is determined for each variable (tmax, tmin, and solar 
radiation) conditioned on the wet or dry state, from the previously calculated thirteen 
28-day periods  
Equation 27: 
𝜇𝑖𝑗 = �?̅?𝑖𝑝𝑗13
𝑖=1
13�  
Where: 
𝜇𝑖𝑗  = The series mean for variable j in state s 
 
To fit the Fourier series to the data the Fourier coefficients a1 & b1 must be 
determined.  
Equation 28: 
𝑎1𝑗𝑗 = 213 ��?̅?𝑖𝑝𝑗 − 𝜇𝑖𝑗�13
𝑝=1
cos �2𝜋𝑝13 � 
Equation 29: 
𝑏1𝑗𝑗 = 213 ��?̅?𝑖𝑝𝑗 − 𝜇𝑖𝑗�13
𝑝=1
sin �2𝜋𝑝13 � 
Where: 
𝑎1𝑗𝑗 & 𝑏1𝑗𝑗 = The Fourier coefficients for variable j in state s 
?̅?𝑖𝑝𝑗 = The arithmetic mean of variable j, in period p, in state s 
𝜇𝑖𝑗  = The series mean for variable j in state s 
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The Fourier coefficients are then used to derive the Phase (T) and Amplitude (C) of 
the function. 
Equation 30: 
𝑇𝑖𝑗 = atan(−𝑏1𝑗𝑗𝑎1𝑗𝑗 )  
Equation 31: 
𝐶𝑖𝑗 = 𝑎1𝑗𝑗/ cos𝑇𝑖𝑗 
Where: 
𝑇𝑖𝑗 = Phase for variable j, in period p 
𝐶𝑖𝑗 = Amplitude for variable j, in period p 
The calculation routine described is essentially operated as a loop and was run 
three times for each data type; tmin, tmax and solar radiation. The first run was 
conditioned on only dry days, the second run on only wet days and a final run takes 
into consideration all available days. After calculations were completed for the entire 
data set only the required parameters were retained. For example when calculating 
the parameters for the variable tmax three parameters will be calculated for the 
amplitude of tmax. One conditioned to only dry days, one conditioned to only wet 
days and one for the entire data set regardless of the wet or dry status of the days. 
Since the only required parameter for amplitude of tmax is conditioned to wet or dry 
days only this result is retained. 
A and B Matrices 
Chapter 1 section 1.4.2 shows how the WGEN weather generator introduces 
daily variation into the synthetic temperature and solar radiation data. Daily variation 
is introduced using two matrices composed of residuals of tmax, tmin and solar 
radiation. The required matrices are termed the A matrix and B matrix, which are 
given by Equation 32 and  
 
Equation 33 respectively 
Equation 32: 
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𝐴 =  𝑀1𝑀0−1 
 
 
Equation 33: 
𝐵𝐵𝑇 =  𝑀0 −  𝑀1𝑀0−1𝑀1𝑇  
The subscripts -1 denotes the inverse of the matrix and the subscript T, the 
transpose of the matrix. The required matrices M0 and M1 are composed of lag 0 
cross correlation coefficients and the lag 1 cross and serial correlation coefficients. 
Matrices M0 and M1 are given by Equation 34 and Equation 35 respectively. 
 
Equation 34: 
𝑀0 =  � 1 𝜌0(1,2) 𝜌0(1,3)𝜌0(1,2) 1 𝜌0(2,3)
𝜌0(1,3) 𝜌0(2,3) 1 � 
 
Equation 35: 
𝑀1 =  � 𝜌1(1) 𝜌1(1,2) 𝜌1(1,3)𝜌1(2,1) 𝜌1(2) 𝜌1(2,3)
𝜌1(3,1) 𝜌1(3,2) 𝜌1(3) � 
Where: 
𝜌0(𝑥, 𝑦) = The lag 0 cross correlation coefficient for variables x and y 
𝜌1(𝑥, 𝑦) = The lag 1 cross correlation coefficient for variables x and y 
x & y = The variable, tmax (=1), tmin (=2) or solar radiation (=3) 
 
𝜌1(𝑥, 𝑦) is the lag 1 cross correlation coefficient between variables x and y, 
where variable y is lagged by one time step with respect to variable x. 𝜌0(𝑥,𝑦) is the 
lag 0 cross correlation between variables x and y, where x and y are taken on the 
same day. 𝜌1(𝑥) is the lag 1 serial correlation, which describes the correlation of the 
dataset with itself, but with a lag of one. The lag 0 serial correlations result in a 
perfect correlation, since they imply the correlation of a dataset with itself. 
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Additionally for the lag 0 correlations a correlation of x with y or y with x yields the 
same result ( 𝜌0𝑥,𝑦 = 𝜌0𝑦,𝑥 ). This results in a symmetrical M0 matrix. According to 
(Haan, 1977) the lag 0 cross correlation coefficients are calculated as follows. 
Equation 36: 
𝜌𝑥,𝑦 = 𝜎𝑥,𝑦
�𝜎𝑥𝜎𝑦
 
Where: 
𝜌𝑥,𝑦 = The lag 0 population cross correlation coefficient between variables x 
and y 
 𝜎𝑥,𝑦 = The covariance between variables x and y 
𝜎𝑥 = The variance of x 
𝜎𝑦 = The variance of y  
 
The population correlation coefficient (𝜌𝑥,𝑦) is estimated by the sample correlation 
coefficient 𝑟𝑥,𝑦. 
 
Equation 37: 
𝑟𝑥,𝑦 = 𝑆𝑥,𝑦
�𝑆𝑥𝑆𝑦
 
Where 𝑆𝑥,𝑦 , 𝑆𝑥 and 𝑆𝑦  are sample estimates for 𝜎𝑥,𝑦, 𝜎𝑥 and 𝜎𝑦.  
Equation 38: 
𝑆𝑥,𝑦 = �(𝑥𝑖 − ?̅?)(𝑛
𝑖=1
𝑦𝑖 − 𝑦�) (𝑛 − 1)�  
Equation 39: 
𝑆𝑥 = �(𝑥𝑖 − ?̅?)2𝑛
𝑖=1
(𝑛 − 1)�  
Equation 40: 
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𝑆𝑦 = �(𝑦𝑖 − 𝑦�)2𝑛
𝑖=1
(𝑛 − 1)�  
 
Where:  
n = the number of observations  
𝑦� = the mean (𝑦� = ∑ 𝑦𝑖𝑛𝑖=1 𝑛⁄ ) 
 
To calculate the lag 1 cross correlation coefficients one variable is lagged by 
one time step in regard the other. To calculate the lag 1 cross correlation 𝜌′𝑥,𝑦  the 
variable y is lagged by one day in regard to variable x (xi, yi+1). The lag 1 cross 
correlation for 𝜌′𝑥,𝑦  is given by Equation 41. 
Equation 41: 
𝜌′𝑥,𝑦 = 𝜎′𝑥,𝑦
�𝜎′𝑥𝜎′𝑦
 
Where: 
𝜌′𝑥,𝑦  = The lag 1 population cross correlation coefficient between variables x 
and y 
 𝜎′𝑥,𝑦  = The lag 1 covariance between variables x and y 
𝜎′𝑥 = The lag 1 variance of x 
𝜎′𝑦  = The lag 1 variance of y  
 
𝜌′𝑥,𝑦  is estimated by 𝑟′𝑥,𝑦 , where 𝑆′𝑥 ,𝑦, 𝑆′𝑥 and 𝑆′𝑦  are sample estimates for 𝜎′𝑥,𝑦 , 
𝜎′𝑥 and 𝜎′𝑦 . 
Equation 42: 
𝑟′𝑥,𝑦 = 𝑆′𝑥,𝑦
�𝑆′𝑥𝑆′𝑦
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According to Taulis (2002) the estimators for the lagged variances and covariances 
are given by Equation 43 through to Equation 45. 
 
Equation 43: 
𝑆′𝑥,𝑦 = 1𝑛 − 2 � 𝑥𝑖𝑦𝑖+1𝑛−1
𝑖=1
−
∑ 𝑥𝑖
𝑛−1
𝑖=1 ∑ 𝑦𝑖+1
𝑛−1
𝑖=1
𝑛 − 1 � 
Equation 44: 
𝑆′𝑥 = 1𝑛 − 2 � 𝑥𝑖2𝑛−1
𝑖=1
−
(∑ 𝑥𝑖𝑛−1𝑖=1 )2
𝑛 − 1 � 
Equation 45: 
𝑆′𝑦 = 1𝑛 − 2 � 𝑦𝑖+12𝑛−1
𝑖=1
−
(∑ 𝑦𝑖+1𝑛−1𝑖=1 )2
𝑛 − 1 � 
The lag 1 cross correlations for 𝜌′𝑥,𝑦  and 𝜌′𝑦,𝑥 are calculated differently from 
each other. In calculating 𝜌′𝑦,𝑥  the variable x is lagged in respect to variable y (xi+1, 
yi). Since different values are being correlated, 𝜌′𝑦,𝑥 has to be calculated separately, 
as given in Equation 46.  
Equation 46: 
𝜌′𝑦,𝑥 = 𝜎′𝑦,𝑥
�𝜎′′𝑥  𝜎′′𝑦 
𝜌′𝑦,𝑥 is estimated by 𝑟′𝑦,𝑥, where 𝑆′𝑦,𝑥, 𝑆′′𝑥 and 𝑆′′𝑦  are sample estimates for 𝜎′𝑦,𝑥, 
𝜎′′𝑥 and 𝜎′′𝑦. 
Equation 47: 
𝑟′𝑦,𝑥 = 𝑆′𝑦,𝑥
�𝑆′′𝑥  𝑆′′𝑦  
Equation 48: 
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𝑆′𝑦𝑥 = 1𝑛 − 2 � 𝑥𝑖+1𝑦𝑖𝑛−1
𝑖=1
−
∑ 𝑥𝑖+1
𝑛−1
𝑖=1 ∑ 𝑦𝑖
𝑛−1
𝑖=1
𝑛 − 1 � 
 
 
 
Equation 49: 
𝑆′′𝑥 = 1𝑛 − 2 � 𝑥𝑖+12𝑛−1
𝑖=1
−
(∑ 𝑥𝑖+1𝑛−1𝑖=1 )2
𝑛 − 1 � 
Equation 50: 
𝑆′′𝑦 = 1𝑛 − 2 � 𝑦𝑖2𝑛−1
𝑖=1
−
(∑ 𝑦𝑖𝑛−1𝑖=1 )2
𝑛 − 1 � 
The lag 1 serial correlation is the correlation of an observation with an 
observation at a preceding time period, in the same data set (Haan, 1977). The serial 
correlation of variable x with a lag of k, 𝜌𝑥(𝑘), is estimated by 𝑟𝑥(𝑘), as given by 
Equation 51.  
Equation 51: 
𝑟𝑥(1) = ∑ 𝑥𝑖𝑥𝑖+1𝑛−1𝑖=1 − ∑ 𝑥𝑖𝑛−1𝑖=1 ∑ 𝑥𝑖+1𝑛−1𝑖=1 (𝑛 − 1)⁄[∑ 𝑥𝑖2𝑛−1𝑖=1 (∑ 𝑥𝑖𝑛−1𝑖=1 )2 𝑛 − 1⁄ ]12[∑ 𝑥𝑖+12𝑛−1𝑖=1 (∑ 𝑥𝑖+1𝑛−1𝑖=1 )2 𝑛 − 1⁄ ]12 
 
After calculating the required serial and cross correlations M0 and M1 are used 
to calculate matrix A and matrix B, as given in Equation 32 and Equation 33. 
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2.3 SOURCES OF DATA 
Section 2.2 describes the mathematical procedures used to calculate the 
parameters required for the WGEN weather generator. This procedure was applied to 
data obtained from weather stations in twenty one Queensland locations (Figure 9). 
Precipitation parameters were calculated independently from temperature and solar 
radiation parameters. However the calculation of temperature and solar radiation 
parameters required a precipitation record of at least equal length, to determine the 
wet or dry status of the days in the data record.  
All data used to calculate the parameters was obtained from the Bureau of 
Meteorology (BoM) (Bureau of Meteorology, 2014). The required daily input data 
for the WGEN PAR calculations were freely available for download from the BoM 
website, for a large number of weather stations around Queensland. The locations for 
parameter calculation were selected primarily based on obtaining an abundance of 
parameters for the most populated regions, with an additional consideration on 
obtaining a good spread of parameters through Queensland’s’ various climatic zones. 
Figure 9 shows the locations for which parameters were generated and the major 
classes of the modified Köppen climate classification. Table 5 shows the BoM 
weather station number and length of data record obtained for each location.  
Richardson and Wright (1984) state that at least twenty years of daily 
precipitation data are required to calculate representative precipitation parameters. 
To calculate accurate temperature and solar radiation parameters Richardson and 
Wright (1984) recommend at least ten years of daily data. However it is also 
indicated that the amount of data required may vary based on the climate of the 
location, with arid regions conceivably requiring a longer data record. Taulis and 
Milke (2005) published some further research into the data requirements of the 
parameter calculation routine, particularly in arid regions. They demonstrated that 
using a longer precipitation data record, results in more accurate parameters. For 
these reasons an effort was made to obtain the longest possible weather record for 
each location. 
Taulis and Milke (2005) also emphasize that the quality and completeness of 
the weather record used to calculate parameters is very important. If a dataset 
contains many gaps, outliers or other unreliable values, then this will be reflected in 
the creation of less reliable parameters. Table 7 shows the completeness of the data 
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records used for each location and data type. Similarly if the quality of the data is 
low then generated parameters will also be of lower quality. Generally the quality of 
data obtained from the Bureau of Meteorology was high as most of their data are 
quality controlled internally. Almost all of the data used in parameter calculation was 
flagged as quality controlled. Before calculating the parameters data records for each 
location were also examined manually for outliers. No values that seemed 
inappropriate enough to warrant manual removal were identified for any of the 
weather stations used. Overall the dataset can be considered reliable. While no 
specific information could be obtained about the instruments used to collect the data 
for each station, this project assumes that the internal quality control process 
conducted by the Bureau of Meteorology results in data of high quality. The quality 
control process utilized by the department involves automatic screening of data to 
flag data that appears unreliable, which involves checking consistency with nearby 
stations and over time. In some cases this is followed up my manual assessment to 
determine if a value is correct or not based on taking into account the type of 
equipment, weather situation and other information (Bureau of Meterology, 2016). It 
is acknowledged that quality assessment of the data is limited; however for the scope 
of this project relying on the quality control already conducted by the Bureau of 
Meteorology is adequate.  
The parameter calculation routine does not allow for any missing values. This 
means any gaps in the data had to be filled in before parameters could be calculated. 
If possible data were imported from nearby stations. However it was only sometimes 
possible to find another weather station that was close enough to the original station 
to be acceptable, that had data for the missing values. For all other cases data had to 
be invented to fill in the gaps. The procedure used to invent data is described in 
Appendix A. Appendix C shows the imported and invented precipitation data, 
Appendix D shows the imported and invented temperature data and Appendix E 
shows the imported and invented solar radiation data.  
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Table 5: Sources of data and length of data record used for the parameter generation 
 Precipitation Temperature and Solar Radiation 
Location Station # Year Start Year End Years Station # Year Start Year End Years 
Brisbane 040223 1974 14/02/2000  040223 1990 14/02/2000  
 040842 15/02/2000 2013 40 040842 15/02/2000 2013 24 
Gold Coast 058056 1983 2013 31 040717 1996 2013 18 
Warwick 041013 1973 2013 41 041525 1996 2013 18 
Toowoomba 041103 1970 2006      
 041529 2007 2013 44 041529 1997 2013 17 
Dalby 041023 1900 18/01/1991      
 041522 19/01/1991 2013 114 041522 1995 2013 19 
Sunshine Coast 040284 1960 2013 54 040284 2000 2013 14 
Hervey Bay 040430 1970 2013 44 040405 2000 2013 14 
Bundaberg 039128 1991 2013 23 039128 1991 2013 23 
Gladstone 039123 1958 2013 56 039123 1991 2013 23 
Rockhampton 039083 1940 2013 74 039083 1991 2013 23 
St George 043034 1893 31/07/1997  043034 1991 30/04/1997  
 043109 8/01/1997 2013 121 043109 1/05/1997 2013 23 
Emerald 035027 1893 30/06/1992      
 035264 1/07/1992 2013 121 035264 1993 2013 21 
Barcaldine 036007 1892 2013 122 036007 1991 2013 23 
St Lawrence 033065 1896 2011 116 033065 1992 2011 20 
Mackay 033119 1960 2013 54 033119 1991 2013 23 
Bowen 033257 1988 2013 26 033257 2000 2013 14 
Mt Isa 029127 1967 2013 47 029127 1991 2013 23 
Townsville 032040 1941 2012 72 032040 1991 2013 23 
Cairns 031010 1897 1945       
 031011 1946 2013 117 031011 1991 2013 23 
Cooktown 031016 1921 31/07/1987      
 031017 1/08/1987 2013 93 031017 1991 2001 11 
Weipa 027042 1959 2013 55 027045 1993 2013 21 
 
Table 6: Solar radiation sources of data and length of data record for locations were solar radiation 
data was obtained from a different station to temperature data 
Location Station # Year Start Year End Years 
Brisbane 040223 1990 2013 24 
St George 043109 1991 2013 23 
Cairns 031215 1991 2013 23 
 
Table 5 shows the metadata for the weather data used to calculate parameters. 
Table 6 shows the metadata for solar radiation where solar radiation data were 
obtained from a different station than the temperature data. For precipitation data it 
was possible to obtain a relatively long record for essentially all locations, with the 
shortest record being twenty three years. The shortest temperature and solar radiation 
data record obtained is elven years long. Where possible the same stations were used 
to obtain the data records of precipitation, temperature and solar radiation. All 
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weather records used to calculate parameters exceed the minimum lengths 
recommended by Richardson and Wright (1984).  
Table 7: Percentage of data completeness 
Location 
Precipit
ation Tmax    Tmin   
Solar 
Rad  
Brisbane 99.83% 100.00% 100.00% 94.57% 
Gold Coast 99.51% 98.25% 98.62% 97.35% 
Warwick 99.74% 97.35% 97.55% 97.41% 
Toowoomba 99.51% 98.84% 98.98% 97.55% 
Dalby 99.87% 98.73% 98.64% 96.80% 
Sunshine Coast 99.35% 99.08% 98.73% 98.06% 
Hervey Bay 99.28% 98.87% 98.88% 98.08% 
Bundaberg 99.83% 98.69% 98.76% 95.25% 
Gladstone 99.36% 97.66% 98.07% 95.24% 
Rockhampton 99.97% 99.99% 99.98% 95.25% 
St George 99.75% 98.50% 98.43% 95.26% 
Emerald 99.80% 98.74% 98.33% 95.50% 
Barcaldine 99.90% 99.30% 99.20% 95.22% 
St Lawrence 99.77% 99.59% 99.51% 94.86% 
Mackay 99.78% 99.98% 99.90% 95.18% 
Bowen 99.83% 94.04 93.95% 98.06% 
Mt Isa 99.49% 99.96% 99.96% 95.24% 
Townsville 99.89% 99.99% 99.99% 95.24% 
Cairns 99.93% 99.96% 99.90% 95.16% 
Cooktown 99.85% 99.98% 99.73% 92.23% 
Weipa 99.47% 99.93% 99.82% 95.41% 
Mean 99.70% 98.62% 98.60% 95.72% 
 
Data completeness for the temperature records was above 98.6%, while data 
completeness for solar radiation was slightly lower at 95.72%. Solar radiation data 
are obtained from satellite readings, which are prone to signal outages or 
malfunctions meaning gaps are present in the record which cannot be filled from 
another station, as the same outage applies. 
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2.4 PRECIPITATION PARAMETERS 
After fixing any gaps in the data using the methods described in Appendix A it 
was possible to calculate the precipitation parameters, P(W/W), P(W/D), α and, β 
using the methods described in section 2.2. Parameters were generated from the data 
shown in Table 5. Figure 9 shows the locations for parameter generation and the 
major climatic zones of the modified Köppen classification. Table 8 shows the 
calculated precipitation parameters. A weather record of sufficient length was 
obtained for each desired location. The precipitation data record for most locations 
was in excess of forty years, with only three locations having fewer years of data 
available. The shortest record used was twenty three years, which is still above the 
threshold recommended by Richardson and Wright (1984). Data completeness for 
the precipitation data was on average 99.7%.  
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Table 8: Precipitation Generation Parameters 
Location  JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Brisbane P(W/W) 0.593 0.651 0.635 0.645 0.608 0.533 0.513 0.531 0.401 0.493 0.573 0.559 
 P(W/D) 0.272 0.318 0.277 0.209 0.215 0.179 0.149 0.124 0.17 0.214 0.253 0.277 
 Alpha 0.521 0.522 0.531 0.506 0.511 0.502 0.561 0.617 0.672 0.532 0.580 0.581 
 Beta 0.916 0.782 0.654 0.698 0.726 0.596 0.416 0.385 0.304 0.622 0.61 0.722 
              
Gold Coast P(W/W) 0.613 0.678 0.653 0.671 0.654 0.636 0.514 0.597 0.39 0.531 0.578 0.563 
 P(W/D) 0.256 0.309 0.324 0.274 0.228 0.186 0.168 0.118 0.173 0.206 0.236 0.256 
 Alpha 0.656 0.680 0.695 0.726 0.721 0.624 0.681 0.720 0.784 0.638 0.751 0.793 
 Beta 0.953 0.850 0.830 0.794 0.781 0.967 0.727 0.558 0.401 0.775 0.755 0.777 
              
Warwick P(W/W) 0.486 0.513 0.419 0.429 0.427 0.436 0.423 0.377 0.34 0.425 0.506 0.484 
 P(W/D) 0.207 0.219 0.171 0.118 0.157 0.147 0.152 0.126 0.151 0.184 0.214 0.227 
 Alpha 0.604 0.605 0.624 0.633 0.586 0.61 0.655 0.747 0.816 0.808 0.724 0.818 
 Beta 0.604 0.615 0.510 0.470 0.439 0.328 0.339 0.264 0.314 0.420 0.512 0.474 
              
Toowoomba P(W/W) 0.625 0.612 0.568 0.552 0.584 0.542 0.489 0.495 0.44 0.484 0.531 0.55 
 P(W/D) 0.236 0.284 0.228 0.167 0.190 0.163 0.147 0.138 0.164 0.202 0.255 0.249 
 Alpha 0.577 0.518 0.637 0.562 0.530 0.567 0.600 0.662 0.729 0.689 0.657 0.638 
 Beta 0.749 0.755 0.416 0.474 0.497 0.361 0.402 0.301 0.33 0.501 0.558 0.69 
              
Dalby P(W/W) 0.498 0.49 0.434 0.428 0.420 0.422 0.429 0.375 0.336 0.399 0.418 0.444 
 P(W/D) 0.170 0.166 0.138 0.096 0.105 0.124 0.112 0.107 0.127 0.166 0.188 0.204 
 Alpha 0.706 0.616 0.625 0.618 0.650 0.644 0.666 0.746 0.777 0.772 0.748 0.728 
 Beta 0.600 0.716 0.657 0.541 0.468 0.449 0.413 0.332 0.356 0.451 0.555 0.622 
              
Sunshine Coast P(W/W) 0.718 0.749 0.700 0.646 0.705 0.610 0.595 0.552 0.521 0.549 0.599 0.636 
 P(W/D) 0.284 0.351 0.349 0.280 0.209 0.172 0.149 0.136 0.168 0.228 0.272 0.285 
 Alpha 0.507 0.518 0.539 0.570 0.490 0.453 0.502 0.572 0.576 0.577 0.572 0.573 
 Beta 1.101 1.022 0.789 0.595 0.776 0.727 0.579 0.470 0.386 0.632 0.713 0.854 
              
Hervey Bay P(W/W) 0.569 0.659 0.63 0.617 0.636 0.624 0.591 0.547 0.402 0.416 0.463 0.511 
 P(W/D) 0.260 0.309 0.301 0.288 0.267 0.186 0.155 0.141 0.145 0.185 0.221 0.224 
 Alpha 0.558 0.523 0.602 0.675 0.596 0.621 0.635 0.640 0.664 0.586 0.601 0.645 
 Beta 0.819 0.901 0.580 0.393 0.514 0.430 0.417 0.356 0.372 0.619 0.656 0.754 
              
Bundaberg P(W/W) 0.603 0.625 0.643 0.56 0.457 0.517 0.514 0.496 0.426 0.506 0.505 0.525 
 P(W/D) 0.259 0.343 0.237 0.216 0.203 0.161 0.116 0.110 0.140 0.154 0.203 0.245 
 Alpha 0.521 0.487 0.517 0.526 0.469 0.441 0.501 0.48 0.456 0.498 0.607 0.573 
 Beta 0.927 1.071 0.652 0.349 0.684 0.669 0.372 0.534 0.626 0.764 0.558 0.807 
              
Gladstone P(W/W) 0.604 0.621 0.590 0.516 0.543 0.533 0.488 0.411 0.392 0.458 0.500 0.568 
 P(W/D) 0.270 0.295 0.214 0.164 0.147 0.121 0.120 0.124 0.125 0.179 0.218 0.230 
 Alpha 0.481 0.483 0.484 0.492 0.505 0.519 0.483 0.474 0.539 0.518 0.542 0.514 
 Beta 1.016 0.983 0.705 0.514 0.603 0.468 0.481 0.492 0.412 0.578 0.594 0.932 
              
Rockhampton P(W/W) 0.589 0.648 0.597 0.503 0.480 0.461 0.489 0.451 0.357 0.42 0.453 0.516 
 P(W/D) 0.236 0.272 0.192 0.147 0.137 0.119 0.119 0.102 0.112 0.154 0.195 0.218 
 Alpha 0.531 0.519 0.503 0.561 0.486 0.531 0.504 0.482 0.550 0.585 0.557 0.549 
 Beta 0.878 0.888 0.779 0.448 0.600 0.513 0.399 0.478 0.390 0.511 0.612 0.793 
              
St George P(W/W) 0.482 0.456 0.454 0.424 0.453 0.415 0.415 0.374 0.374 0.376 0.383 0.425 
 P(W/D) 0.134 0.125 0.100 0.071 0.082 0.102 0.105 0.088 0.093 0.125 0.136 0.139 
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Location  JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
 Alpha 0.737 0.646 0.630 0.688 0.646 0.636 0.662 0.770 0.743 0.720 0.718 0.722 
 Beta 0.591 0.704 0.693 0.524 0.546 0.459 0.404 0.320 0.367 0.403 0.494 0.512 
              
Emerald P(W/W) 0.539 0.555 0.468 0.431 0.425 0.444 0.420 0.373 0.370 0.389 0.381 0.467 
 P(W/D) 0.168 0.170 0.127 0.087 0.074 0.073 0.065 0.062 0.068 0.110 0.163 0.167 
 Alpha 0.645 0.607 0.620 0.620 0.596 0.589 0.637 0.670 0.672 0.731 0.740 0.718 
 Beta 0.770 0.810 0.691 0.576 0.607 0.632 0.528 0.441 0.475 0.449 0.521 0.667 
              
Barcaldine P(W/W) 0.469 0.498 0.469 0.463 0.424 0.405 0.421 0.337 0.373 0.363 0.371 0.427 
 P(W/D) 0.162 0.156 0.101 0.064 0.057 0.060 0.050 0.046 0.058 0.098 0.130 0.153 
 Alpha 0.632 0.624 0.616 0.594 0.612 0.657 0.595 0.702 0.706 0.736 0.655 0.656 
 Beta 0.711 0.722 0.750 0.710 0.689 0.525 0.618 0.43 0.351 0.392 0.462 0.594 
              
St Lawrence P(W/W) 0.595 0.628 0.568 0.483 0.449 0.455 0.434 0.403 0.357 0.359 0.457 0.520 
 P(W/D) 0.216 0.233 0.180 0.134 0.117 0.11 0.08 0.078 0.075 0.109 0.15 0.181 
 Alpha 0.561 0.590 0.566 0.605 0.582 0.634 0.593 0.613 0.64 0.673 0.646 0.639 
 Beta 1.368 1.203 0.953 0.568 0.567 0.533 0.512 0.420 0.460 0.576 0.697 0.939 
              
Mackay P(W/W) 0.709 0.747 0.735 0.741 0.683 0.636 0.558 0.535 0.43 0.46 0.555 0.627 
 P(W/D) 0.289 0.370 0.311 0.290 0.249 0.185 0.211 0.173 0.135 0.152 0.191 0.235 
 Alpha 0.475 0.517 0.479 0.587 0.607 0.509 0.451 0.470 0.494 0.556 0.489 0.483 
 Beta 1.503 1.491 1.362 0.627 0.504 0.467 0.349 0.306 0.267 0.381 0.853 1.263 
              
Bowen P(W/W) 0.652 0.660 0.591 0.538 0.432 0.467 0.363 0.375 0.324 0.378 0.497 0.548 
 P(W/D) 0.216 0.296 0.194 0.177 0.143 0.104 0.078 0.063 0.058 0.080 0.142 0.202 
 Alpha 0.457 0.480 0.452 0.495 0.466 0.608 0.462 0.418 0.490 0.630 0.475 0.468 
 Beta 1.337 1.638 1.034 0.567 0.592 0.308 0.488 0.797 0.379 0.231 0.694 1.309 
              
Mt Isa P(W/W) 0.605 0.571 0.524 0.426 0.314 0.380 0.295 0.225 0.274 0.340 0.402 0.462 
 P(W/D) 0.190 0.204 0.108 0.045 0.042 0.021 0.023 0.023 0.041 0.079 0.136 0.181 
 Alpha 0.612 0.612 0.501 0.555 0.617 0.617 0.571 0.646 0.561 0.678 0.667 0.600 
 Beta 0.749 0.717 0.882 0.489 0.467 0.391 0.440 0.245 0.294 0.332 0.420 0.636 
              
Townsville P(W/W) 0.703 0.719 0.652 0.539 0.452 0.443 0.388 0.349 0.352 0.360 0.510 0.583 
 P(W/D) 0.276 0.346 0.239 0.163 0.128 0.090 0.070 0.062 0.059 0.124 0.158 0.194 
 Alpha 0.491 0.525 0.468 0.491 0.536 0.527 0.539 0.469 0.513 0.549 0.528 0.506 
 Beta 1.507 1.466 1.257 0.669 0.412 0.366 0.341 0.501 0.328 0.360 0.614 1.044 
              
Cairns P(W/W) 0.758 0.782 0.785 0.787 0.714 0.673 0.646 0.625 0.614 0.571 0.623 0.652 
 P(W/D) 0.321 0.361 0.342 0.27 0.213 0.152 0.129 0.128 0.120 0.145 0.197 0.255 
 Alpha 0.541 0.581 0.551 0.613 0.737 0.751 0.808 0.817 0.739 0.599 0.603 0.549 
 Beta 1.691 1.671 1.654 0.847 0.402 0.301 0.189 0.189 0.251 0.417 0.579 1.012 
              
Cooktown P(W/W) 0.744 0.791 0.766 0.730 0.659 0.609 0.560 0.565 0.526 0.387 0.517 0.612 
 P(W/D) 0.338 0.405 0.366 0.274 0.216 0.155 0.152 0.123 0.090 0.102 0.151 0.229 
 Alpha 0.617 0.670 0.590 0.585 0.718 0.766 0.916 0.858 0.848 0.652 0.533 0.597 
 Beta 1.306 1.221 1.395 0.890 0.330 0.270 0.152 0.167 0.159 0.282 0.655 0.948 
              
Weipa P(W/W) 0.832 0.859 0.819 0.633 0.388 0.257 0.241 0.274 0.241 0.329 0.515 0.709 
 P(W/D) 0.548 0.614 0.452 0.227 0.109 0.049 0.037 0.041 0.038 0.075 0.209 0.353 
 Alpha 0.670 0.703 0.649 0.589 0.576 0.672 0.998 0.636 0.625 0.624 0.642 0.658 
 Beta 1.209 1.173 1.046 0.630 0.241 0.114 0.049 0.131 0.181 0.537 0.758 0.989 
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To determine the quality and suitability of the calculated precipitation 
parameters synthetic precipitation data were calculated and compared with the 
historic record. Though the weather data record used was of good quality and length 
and the generation procedure is scientifically accepted an effort must still be made to 
validate the results obtained and ensure the Queensland weather parameters function 
as intended. Comparisons were made using the mean amount of precipitation, the 
mean number of wet days, the mean number of days with precipitation greater than 
51mm, and the mean number of consecutive wet days, also termed the run of wet 
days. These are the same comparisons made by Richardson and Wright (1984) to 
determine the validity of their parameters for locations in the United States.  
 
Figure 9: Locations for parameter calculation with the major classes of the modified Köppen 
classification 
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Since Queensland contains multiple climatic zones it makes sense to analyse 
the results in terms of those climate zones. A location was chosen from each of the 
subtropical, tropical and grassland climatic zones to analyse the weather generators 
reliability in reproducing precipitation across Queensland. The locations chosen for 
analysis were Brisbane, Mt. Isa and Cooktown, which fall within the Subtropical, 
Grassland and Tropical climatic zones respectively (see Figure 9). To conduct the 
analysis one hundred years of synthetic data were generated for each location and the 
aforementioned comparisons made with the historic data used to generate the 
precipitation parameters (see Table 5 for historic data). Results of this comparison 
are presented in Table 9.  
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Table 9: Comparison of Historic and Synthetic Precipitation Data 
Location JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN. 
Brisbane              
Precipitation (mm)              
Historic 149.1 138.8 118.5 100.4 103.7 63.09 43.46 37.99 34.61 77.11 99.74 127.1 1093 
Synthetic 153.0 137.3 126.1 102.8 98.25 59.75 38.58 39.65 36.62 71.69 91.96 122.7 1078 
No. of Wet Days              
Historic 12.30 13.38 13.43 11.20 11.00 8.30 7.33 6.30 6.68 9.18 11.10 11.95 122.1 
Synthetic 11.44 12.35 12.29 10.17 9.83 7.50 6.48 5.96 6.64 7.88 10.17 10.92 111.6 
No of Days with 
Prec. > 51mm 
             
Historic 0.65 0.50 0.38 0.35 0.45 0.15 0.08 0.05 0.00 0.33 0.28 0.35 3.55 
Synthetic 0.58 0.33 0.27 0.18 0.14 0.07 0.00 0.02 0.00 0.11 0.08 0.27 2.05 
Run of Wet Days              
Historic 2.40 3.05 2.83 3.14 2.85 2.14 2.14 2.08 1.66 1.98 2.49 2.49 2.36 
Synthetic 2.46 2.43 2.42 2.57 2.15 2.12 1.95 1.89 1.80 1.79 2.24 2.13 2.12 
              
Mt Isa              
Precipitation (mm)              
Historic 115.9 100.7 66.15 15.40 13.23 6.12 6.12 3.60 6.68 18.72 39.53 75.38 467 
Synthetic 114.2 106.6 68.14 16.67 17.40 7.48 5.68 3.74 6.91 20.06 42.64 68.95 478 
No. of Wet Days              
Historic 9.96 9.04 5.89 2.23 1.81 1.00 0.96 0.89 1.60 3.28 5.55 7.79 50.0 
Synthetic 8.92 8.71 6.04 2.15 1.84 0.95 0.79 0.73 1.55 3.46 5.54 6.87 47.5 
No of Days with 
Prec. > 51mm 
             
Historic 0.43 0.34 0.26 0.00 0.04 0.02 0.02 0.00 0.00 0.00 0.06 0.19 1.36 
Synthetic 0.30 0.20 0.14 0.03 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.12 0.82 
Run of Wet Days              
Historic 2.41 2.53 2.53 1.78 1.53 1.68 1.42 1.31 1.35 1.44 1.65 2.02 1.84 
Synthetic 2.23 2.13 2.14 1.77 1.42 1.50 1.43 1.37 1.36 1.47 1.69 1.79 1.93 
              
Cooktown              
Precipitation (mm)              
Historic 357.5 383.4 397.6 200.6 72.97 45.15 28.20 25.00 16.58 20.41 63.29 163.3 1770 
Synthetic 353.4 380.6 406.5 205.3 79.70 51.35 25.90 28.71 14.83 19.74 60.30 144.1 1774 
Wet Days              
Historic 17.46 18.44 19.00 15.18 12.13 8.59 7.98 6.87 4.84 4.38 7.14 11.38 133.4 
Synthetic 16.64 18.56 18.46 14.29 11.94 8.95 7.56 7.05 4.08 3.97 6.58 10.49 128.5 
No of Days with 
Prec. > 51mm 
             
Historic 1.86 1.97 2.15 1.02 0.12 0.10 0.00 0.03 0.00 0.03 0.24 0.77 8.29 
Synthetic 1.91 2.04 2.28 0.69 0.01 0.00 0.00 0.00 0.00 0.00 0.08 0.48 7.49 
Run of Wet Days              
Historic 4.27 5.58 5.24 4.39 3.27 2.87 2.33 2.33 2.11 1.65 2.07 2.43 3.07 
Synthetic 3.63 4.29 4.11 3.55 2.97 2.84 2.27 2.48 1.86 1.45 1.99 2.48 2.84 
Overall the results of synthetic data generation were good. Mean precipitation 
amounts were reproduced extremely accurately for all locations, with monthly and 
annual values of mean synthetic precipitation closely reflecting the mean historic 
values. The mean number of wet days per month was also reproduced very 
accurately, with little difference apparent between the historic values and synthetic 
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values. The run of wet days is also reproduced accurately, except for the later part of 
the wet season in Cooktown, where the synthetic values for January, February and 
March were somewhat underestimated. The synthetic data significantly 
underestimated the average number of days with precipitation above 51mm for 
Brisbane. The occurrence of days with heavy precipitation are also underestimated 
during the wet season in Mount Isa (December to March), but to a lesser degree than 
for Brisbane. The synthetic data for Cooktown underestimates the number of days 
with precipitation above 51mm only for November and December, to a lesser degree 
than Brisbane.  
2.4.1 Discussion of precipitation results 
While the WGEN weather generator was able to reproduce mean precipitation 
amounts, the mean number of wet days and the mean number consecutive wet days 
excellently, problems were encountered with the generation of days with heavy 
precipitation (>51mm), particularly for Brisbane. As demonstrated in section 2.3 of 
this chapter the historical data used to calculate precipitation parameters is of high 
quality and exceeds the recommended minimum length for parameter generation. 
The input data used to calculate parameters is therefore unlikely to be responsible for 
the observed underestimation of heavy perception events. Rather this 
underestimation is a result of the way WGEN calculates precipitation amounts. 
For the purpose of analysing these results, the methods used to generate daily 
precipitation by the WGEN weather generator have to be considered closely (see 
chapter 1 section 1.5.2) The precipitation generation procedure can be separated into 
two parts, the Markov chain component, which determines if a day is wet or dry and 
the gamma density distribution which is used to determine the amount of 
precipitation for a wet day. Good agreement between original and synthetic results 
for the mean number of wet days and run of wet days indicate that Markov chain is 
producing adequate results.  
However for Brisbane the gamma distribution is unable to reproduce the 
amount heavy precipitation events properly. This is due to the shape of the 
probability density function generated by the parameters used for Brisbane.  
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Figure 10: Gamma density distributions created from parameters for Cooktown and Brisbane during 
the month of February 
Figure 10 shows the gamma probability density function generated by the 
February parameters for Brisbane and Cooktown. Comparing the functions it can be 
seen that function for Cooktown is wider and therefore has a higher chance of 
generating precipitation events over 51mm. The gamma function produced from the 
Brisbane parameters is narrower and the probability for high precipitation events is 
lower. The overall higher mean precipitation in Cooktown allows for a wider 
probability density function, which increases the probability of heavy precipitation 
events. For the Brisbane parameters the shape of the probability density function 
limits the generation of heavy precipitation events. This is a result of the lower mean 
precipitation in this region. The probability density function must remain narrow so 
as not to overestimate mean precipitation amounts. A gamma density function this 
narrow simply does not have a high enough probability of a heavy precipitation event 
to accurately reproduce the amount of storm events that a coastal subtropical region 
such as Brisbane is subjected to.  
Figure 9 shows that the majority of the locations for which parameters were 
generated for, fall within the subtropical climate classification and are likely affected 
by the same problem to some degree. Since the underestimation of heavy 
precipitation events is not an error or caused by incorrect data, but rather is an effect 
of the precipitation generation procedure there is little than can be done to correct it. 
While the inability to simulate enough days with heavy precipitation (i.e. storm 
events) in Queensland’s subtropical climate is a clear shortcoming of the weather 
generator the synthetic precipitation data are still satisfactory overall. The mean 
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amount of precipitation is simulated remarkably accurately, indicating that the 
overall amount of precipitation in the synthetic and original data is very similar.  
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2.5 TEMPERATURE AND SOLAR RADIATION PARAMETERS 
After fixing any gaps in the data using the methods described in Appendix A it 
was possible to calculate the temperature and solar radiation parameters, using the 
methods described in section 2.2. Parameters were generated from the data listed in 
Table 5. Table 10 shows the temperature and solar radiation parameters, while Table 
11 and Table 12 show the new A and B matrices. The headings in Table 10 are the 
short name identifiers for the temperature and solar radiation parameters. The 
temperature and solar radiation parameters shown in Table 10 are described in more 
detail at the start of the chapter on page 35. 
The weather data record used to calculate the temperature and solar radiation 
parameters was of sufficient length for all locations. Richardson and Wright (1984) 
recommend ten years of temperature and solar radiation data to calculate parameters. 
The shortest record used is eleven years long, while all remaining records are at least 
seventeen years in length. As shown in Table 7 the quality of the temperature and 
solar radiation data used to calculate the parameters was high.  
Table 10: The Temperature and Solar Radiation Parameters 
 TXMD ATX CVTX ACVTX TXMW TN ATN CVTN ACVTN RMD AR RMW 
Location (F°) (F°) (F°) (F°) (F°) (F°) (F°) (F°) (F°) (Ly) (Ly) (Ly) 
Brisbane 78.1 -7.4 0.04 0.01 76.4 59.8 -10.8 0.08 0.04 477.1 165.6 374.4 
Gold Coast 77.2 -7 0.04 0.01 75.4 60.8 -9.9 0.08 0.04 485.1 168.8 376.3 
Warwick 76.8 -11 0.07 -0.01 73.4 50.7 -12.7 0.14 0.08 478.1 167.8 375.2 
Toowoomba 74.4 -10.5 0.07 -0.01 70.7 54.5 -9.8 0.09 0.04 493.7 174.4 380.8 
Dalby 81 -11.3 0.07 0.01 76.5 53.5 -13.3 0.13 0.07 490.7 166.6 380.3 
Sunshine Coast 80.8 -8.3 0.06 -0.01 77.8 58.4 -9.7 0.08 0.03 482.8 155.8 374.2 
Hervey Bay 79.8 -7.9 0.04 0.01 77.8 61.9 -10.8 0.09 0.04 507.6 161 402.9 
Bundaberg 81 -7.4 0.04 0.01 79 62 -9.9 0.07 0.03 503.7 158.9 404.6 
Gladstone 83 -7.7 0.04 0 80.8 65.7 -8 0.05 0.02 516.9 155.1 426 
Rockhampton 84.5 -8.2 0.05 -0.01 81.4 62.8 -11 0.08 0.05 510.1 147.2 395.5 
St George 83.2 -13.6 0.08 0.02 77.7 56.8 -14.7 0.12 0.05 506.9 184.1 394.2 
Emerald 86.2 -10.6 0.06 0.01 81.4 61.1 -12 0.08 0.04 519.6 146.1 392.3 
Barcaldine 87.6 -11.7 0.06 0.01 81.8 62.8 -13.4 0.09 0.05 537.1 156.2 410.1 
St Lawrence 84.2 -7.4 0.04 0.01 82 64.2 -10.4 0.07 0.04 518.7 145.5 411.6 
Mackay 80.6 -8.8 0.04 0.01 79 66.8 -9.2 0.06 0.03 539.7 145 437.1 
Bowen 83.8 -6 0.03 0 82.1 67.1 -8.7 0.08 0.04 539.3 136.9 430.7 
Mt Isa 90.6 -11.3 0.06 0.02 83.7 62.5 -13.6 0.1 0.05 551.8 127 421.3 
Townsville 85.2 -6.1 0.03 0 83.3 68.1 -9.9 0.07 0.04 533.9 130.9 419.8 
Cairns 85.6 -5.6 0.03 0 83.7 69.7 -6.3 0.05 0.03 528.8 108.7 409.1 
Cooktown 85.5 -5.9 0.03 -0.01 84.2 71 -5.6 0.06 0.03 535.5 101.2 451.1 
Weipa 91.7 -3.8 0.03 0 90.1 71.4 -5.2 0.04 0.02 534 67.2 453.5 
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The temperature and solar radiation parameters are in units of degrees 
Fahrenheit and Langleys. The WGEN model was developed in the U.S. and  
therefore expects input parameters to be in U.S. customary units. It was far easier to 
calculate the parameters in the required U.S. customary units, than to attempt to 
modify the WGEN program code to accept input in metric units.  
The original HELP model supplies a set of A and B matrices for the U.S. 
Richardson and Wright (1984) calculated A and B matrices for various locations in 
the U.S. and then averaged the result to obtain a single set of A and B matrices for the 
whole U.S. New A and B matrices were calculated for all Queensland locations, as 
shown in Table 11 and Table 12. 
Table 11: A Matrices 
Location 1,1 1,2 1,3 2,1 2,2 2,3 3,1 3,2 3,3 
Brisbane 0.620 -0.138 -0.134 -0.132 0.736 0.272 -0.164 0.014 0.467 
Gold Coast 0.632 -0.181 -0.158 -0.119 0.672 0.207 -0.188 0.081 0.497 
Warwick 0.747 -0.095 -0.234 -0.257 0.782 0.432 -0.136 -0.141 0.394 
Toowoomba 0.409 0.397 0.097 -0.315 0.869 0.348 -0.390 0.283 0.686 
Dalby 0.973 -0.377 -0.473 -0.378 0.893 0.516 0.546 -0.347 0.038 
Sunshine Coast 0.693 -0.158 -0.222 -0.338 0.829 0.465 -0.023 -0.090 0.423 
Hervey Bay 0.759 -0.234 -0.275 -0.109 0.692 0.227 -0.143 0.027 0.516 
Bundaberg 0.833 -0.315 -0.325 -0.228 0.843 0.343 0.147 -0.196 0.303 
Gladstone 0.831 -0.360 -0.114 -0.030 0.673 0.071 0.060 0.074 0.441 
Rockhampton 0.858 -0.245 -0.291 -0.262 0.844 0.386 0.229 -0.150 0.311 
St George 0.849 -0.332 -0.166 -0.187 0.768 0.249 0.414 -0.216 0.272 
Emerald 0.847 -0.276 -0.143 -0.209 0.830 0.293 0.208 -0.097 0.413 
Barcaldine 0.923 -0.342 -0.192 -0.070 0.722 0.150 0.241 -0.032 0.406 
St Lawrence 0.747 -0.209 -0.175 -0.166 0.789 0.268 -0.032 0.009 0.526 
Mackay 0.891 -0.329 -0.203 -0.082 0.655 0.150 -0.002 -0.021 0.502 
Bowen 1.013 -0.427 -0.288 0.013 0.721 0.116 0.294 -0.165 0.343 
Mt Isa 0.907 -0.200 -0.295 -0.191 0.682 0.243 0.081 -0.044 0.462 
Townsville 0.811 -0.263 -0.183 -0.026 0.675 0.146 -0.157 0.044 0.598 
Cairns 0.807 -0.274 -0.269 -0.166 0.806 0.309 0.071 -0.111 0.439 
Cooktown 0.728 -0.123 -0.122 -0.023 0.648 0.153 -0.124 -0.059 0.514 
Weipa 0.665 -0.054 -0.089 -0.132 0.714 0.289 -0.259 0.000 0.682 
Mean 0.788 -0.216 -0.203 -0.162 0.754 0.268 0.032 -0.054 0.440 
U.S. HELP Val. 0.567 0.086 -0.002 0.253 0.504 -0.05 -0.006 -0.039 0.224 
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Table 12: B Matrices 
Location 1,1 1,2 1,3 2,1 2,2 2,3 3,1 3,2 3,3 
Brisbane 0.834 0.000 0.000 0.253 0.717 0.000 0.494 -0.620 0.440 
Gold Coast 0.837 0.000 0.000 0.343 0.720 0.000 0.486 -0.640 0.410 
Warwick 0.750 0.000 0.000 0.129 0.735 0.000 0.656 -0.610 0.036 
Toowoomba 0.708 0.000 0.000 0.170 0.718 0.000 0.588 -0.612 0.152 
Dalby 0.657 0.000 0.000 0.558 0.459 0.000 0.164 -0.763 0.165 
Sunshine Coast 0.825 0.000 0.000 0.247 0.699 0.000 0.583 -0.657 0.143 
Hervey Bay 0.785 0.000 0.000 0.318 0.717 0.000 0.599 -0.655 0.059 
Bundaberg 0.763 0.000 0.000 0.448 0.546 0.000 0.448 -0.757 0.106 
Gladstone 0.727 0.000 0.000 0.615 0.442 0.000 0.291 -0.808 0.210 
Rockhampton 0.712 0.000 0.000 0.380 0.591 0.000 0.394 -0.702 0.305 
St George 0.680 0.000 0.000 0.676 0.332 0.000 -0.141 -0.437 0.700 
Emerald 0.672 0.000 0.000 0.552 0.429 0.000 0.165 -0.819 0.093 
Barcaldine 0.615 0.000 0.000 0.618 0.399 0.000 0.104 -0.753 0.374 
St Lawrence 0.780 0.000 0.000 0.336 0.628 0.000 0.519 -0.676 0.133 
Mackay 0.657 0.000 0.000 0.565 0.559 0.000 0.406 -0.750 0.127 
Bowen 0.610 0.000 0.000 0.573 0.400 0.000 0.247 -0.790 0.136 
Mt Isa 0.613 0.000 0.000 0.425 0.660 0.000 0.490 -0.670 0.218 
Townsville 0.729 0.000 0.000 0.389 0.655 0.000 0.551 -0.625 0.142 
Cairns 0.758 0.000 0.000 0.372 0.609 0.000 0.458 -0.692 0.212 
Cooktown 0.730 0.000 0.000 0.190 0.758 0.000 0.457 -0.356 0.637 
Weipa 0.785 0.000 0.000 0.060 0.758 0.000 0.630 -0.453 0.225 
Mean 0.725 0.000 0.000 0.391 0.597 0.000 0.409 -0.659 0.239 
U.S. HELP Val. 0.781 0.000 0.000 0.328 0.637 0.000 0.238 -0.341 0.873 
 
Table 11 and Table 12 show the A and B matrices for desired Queensland 
locations, the mean value of each position in the matrix and the U.S. values used by 
the original HELP. The Queensland values for the A matrix are quite different from 
the U.S. values in most cases. The B matrix has values relatively similar to the U.S. 
values.  
Matrices A and B are calculated from the lag 0 and lag 1 correlation 
coefficients of maximum temperature (tmax), minimum temperature (tmin) and solar 
radiation (r), as described in Equation 32 to 35. The mean values of the correlations 
for Queensland and those of selected locations are given in Table 13 and Table 14, 
where tmax = 1, tmin = 2 and r = 3.  
Table 13: The lag 0 correlation coefficients  
Location 1,2 1,3 2,3 
Brisbane 0.217 0.401 -0.352 
Mt. Isa 0.185 0.426 -0.265 
Cooktown 0.159 0.322 -0.240 
Mean 0.278 0.421 -0.293 
U.S. HELP Val. 0.633 0.186 -0.193 
 
 Chapter 2: Weather 67 
Table 14: The lag 1 correlation coefficients 
Location 1,1 1,2 1,3 2,1 2,2, 2,3 3,1 3,2 3,3 
Brisbane 0.536 0.044 0.163 0.137 0.612 -0.040 0.026 -0.186 0.396 
Mt. Isa 0.745 0.046 0.145 0.039 0.582 -0.019 0.27 -0.151 0.508 
Cooktown 0.669 0.022 0.142 0.129 0.608 -0.010 0.032 -0.202 0.488 
Mean 0.637 0.068 0.187 0.165 0.626 -0.028 0.208 -0.163 0.468 
U.S. HELP Val. 0.621 0.445 0.087 0.563 0.674 -0.100 0.015 -0.091 0.251 
 
Since the A and B matrices are calculated from the correlation coefficients the 
differences seen in the Queensland values compared to the U.S. values is due to 
differences in the correlation coefficients. The correlation coefficients vary with 
climate and therefore it is to be expected that values will vary from region to region. 
In Table 13 and Table 14 a difference between the U.S. values can be observed, as 
well as variation within the values throughout different climatic zones in 
Queensland. For example the lag 1 correlation between Tmax and Tmin is much 
stronger in the Queensland values than the U.S. values. The lag 0 correlation 
between Tmax and solar radiation is much stronger for Queensland, indicating that 
solar radiation is more strongly associated with the maximum temperature. 
Ultimately the different climate between Queensland and the U.S. results in different 
correlations of the weather variables, which results in different A and B matrices.  
Since the length of the data records used to generate the temperature and solar 
radiation parameters are all in excess of the recommended minimum length for 
parameter generation the overall quality of the parameters should be high. A visual 
inspection of the parameters reveals no inconsistencies or abnormal parameters. As 
with the precipitation parameters, synthetic temperature and solar radiation data were 
compared with the historical weather record, to gain insight into how well WGEN 
can reproduce Queensland weather conditions. Comparisons were made of mean 
monthly solar radiation, mean monthly temperature, mean daily maximum 
temperature and mean daily minimum temperature.  
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Table 15: Comparison of Historic and Synthetic Temperature and Solar Radiation Data 
Location JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN. 
Brisbane              
Mean Solar Radiation (Langleys)            
Historic 569.6 512.8 465.9 386.4 310.6 271.4 305.8 378.0 471.0 517.2 552.3 566.0 442.2 
Synthetic 583.1 529.0 444.9 368.5 310.5 285.1 304.6 368.2 440.6 517.3 572.6 600.0 443.7 
Mean Monthly Temperature (C°)            
Historic 25.16 24.92 23.54 21.14 18.30 15.87 15.06 15.75 18.35 20.52 22.47 24.03 20.43 
Synthetic 25.15 24.95 23.61 21.17 18.25 15.90 15.16 15.78 18.42 20.59 22.51 23.99 20.46 
Mean Daily Max. Temperature (C°)           
Historic 28.56 27.76 26.42 24.02 21.38 19.66 19.01 19.70 22.70 25.20 26.20 27.48 29.37 
Synthetic 28.98 28.81 27.28 24.47 21.28 18.24 17.37 19.00 22.03 24.36 26.42 27.75 29.54 
Mean Daily Min. Temperature (C°)           
Historic 22.50 22.42 21.27 17.86 14.68 11.82 11.56 12.10 14.58 16.90 19.20 20.98 10.90 
Synthetic 21.21 21.14 19.39 16.97 14.82 13.23 12.92 13.21 15.38 16.92 18.65 20.28 12.47 
              
Mt Isa              
Mean Solar Radiation (Langleys)            
Historic 588.5 574.5 562.1 503.4 428.9 396.4 422.6 496.9 558.5 613.2 623.4 622.3 532.5 
Synthetic 616.1 574.1 520.0 471.9 419.5 391.5 412.0 466.0 520.9 582.8 622.6 635.8 519.5 
Mean Daily Temperature (C°)            
Historic 29.74 29.19 27.90 25.21 20.60 17.43 16.90 18.78 23.19 26.72 28.80 29.98 24.54 
Synthetic 29.75 29.07 27.86 25.23 20.52 17.39 17.06 18.74 23.26 26.86 28.93 29.93 24.55 
Mean Daily Max. Temperature (C°)           
Historic 33.44 32.33 30.82 29.07 25.40 22.15 22.03 24.25 28.56 31.48 32.61 33.73 28.82 
Synthetic 35.20 34.61 33.18 29.90 24.73 20.68 20.33 23.82 28.63 32.04 34.38 35.31 29.40 
Mean Daily Min. Temperature (C°)           
Historic 24.88 25.30 24.33 20.19 15.65 12.61 12.36 13.60 17.32 21.22 24.01 25.17 19.72 
Synthetic 24.04 23.58 21.98 18.94 15.67 13.62 13.94 15.04 19.00 21.70 23.41 24.57 19.63 
              
Cooktown              
Mean Solar Radiation (Langleys)            
Historic 530.9 455.5 491.0 463.4 417.2 391.9 411.2 475.6 560.4 595.4 588.2 551.9 494.4 
Synthetic 571.9 541.2 485.9 442.5 417.2 400.2 414.1 458.0 512.3 560.0 591.8 597.9 499.4 
Mean Daily Temperature (C°)            
Historic 27.98 27.58 26.98 26.08 24.32 22.80 21.84 22.67 24.52 26.30 27.47 28.01 25.55 
Synthetic 27.98 27.54 27.06 26.14 24.29 22.82 21.96 22.67 24.56 26.40 27.50 27.94 25.57 
Mean Daily Max. Temperature (C°)           
Historic 30.47 29.93 29.20 27.70 26.45 25.22 24.60 25.31 26.59 28.07 29.80 31.08 27.87 
Synthetic 31.25 30.70 30.03 28.84 26.89 25.13 24.33 25.40 27.53 29.31 30.58 31.02 28.42 
Mean Daily Min. Temperature (C°)s           
Historic 24.64 24.44 23.88 23.01 21.60 20.31 19.62 20.23 21.99 23.43 24.40 24.83 22.70 
Synthetic 25.88 25.43 24.69 24.00 21.29 19.12 18.42 19.03 21.97 24.00 24.90 25.61 22.86 
 
Table 15 shows comparisons of synthetic and historic temperature and solar 
radiation data. The mean monthly solar radiation for synthetic and historic data is 
very similar. The comparisons for mean daily maximum and minimum temperature 
also show that the synthetic data are very similar to the historic data. The synthetic 
data reproduces the mean monthly average temperature very closely. The 
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temperature and solar radiation parameters can effectively generate good synthetic 
data for the major climatic regions in Queensland.  
2.6 CONCLUSIONS: 
New parameters enabling the generation of daily precipitation, temperature and 
solar radiation data have been calculated for twenty one Queensland locations. These 
parameters will be included in the new version of the HELP model user interface 
allowing the user to generate data for these locations and use this data to model the 
water balance of a given landfill design under Queensland weather conditions. 
The historic record used to generate parameters was of high quality and 
sufficient length to calculate reliable parameters. The reliability of the parameters in 
generating Queensland weather data was demonstrated for three locations in three 
different climatic zones. Overall the synthetically generated data compared well with 
the historic record. However the analysis also identified a shortcoming of the 
precipitation generation procedure. The mean number of days with precipitation 
above 51mm was underestimated for locations in the subtropical climatic region. 
This region spans along most of Queensland’s east coast and contains most major 
population centres. This shortcoming is a result of the weather generation procedure. 
Attempting to change the mathematical methods employed by the weather generator 
is beyond the scope of this project. While it is important to be aware of this 
shortcoming, the calculated precipitation parameters still generate fairly good 
synthetic data.  
A large amount of carefully calculated and validated WGEN parameters have 
not previously been available for Queensland. The research presented in this chapter, 
along with an updated graphical user interface, presented in Chapter 4, enables the 
widespread use of WGEN in Queensland. The commercial version of the HELP 
model, Visual HELP, provides some weather generator parameters for Australia. 
However, these parameters are effectively pay-walled and only available to those 
who purchase a licence for Visual HELP. The WGEN parameters calculated for this 
project will be available for use with a new shareware version of the HELP model, 
meaning they will be available to use free of charge. Furthermore the parameters 
presented in this research include new A and B matrices, a modification not included 
in other parameters. The new Queensland WGEN parameters presented in this 
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chapter have been carefully calculated and verified by making comparisons with the 
historic data. 
2.6.1 Further work 
A major avenue for further work on the WGEN weather generator is the 
collection of more data. A good spread of locations throughout Queensland was 
achieved, but these parameters are not necessarily useful for other Australian cities 
and locations. The next obvious step in increasing the usability of the WGEN 
weather generator and the HELP model in Australia would be to calculate parameters 
for more locations, starting with the most populated locations.  
As demonstrated in this chapter the WGEN weather generator has trouble 
generating high precipitation events. This shortcoming could be addressed by either 
attempting to make changes to WGEN or replacing it with a different weather 
generator. A potential solution WGEN’s inability to reproduce storm events could be 
to add a further parameter to the Markov chain. This parameter could represent the 
chances of a day being a day with heavy precipitation, rather than just a wet day. 
This would allow for the use of a different density function specifically designed to 
produce a high amount of precipitation. Such an adaptation to the weather generator 
would require extensive research and testing and is beyond the scope of the work 
presented in this project. 
Another option would be to replace the WGEN weather generator with a 
different more modern weather generator. However any weather generator used in 
conjunction with the HELP model would need to maintain the relative crudeness 
required of the input data. The time step of any synthetic data would still need to be 
one day, as this is the time step required for input into HELP. It may not be easy to 
find a weather generator that can produce daily precipitation, temperature and solar 
radiation data while offering any real improvements on WGEN. For these reasons the 
WGEN weather generator has persisted and is still used with the HELP model.  
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Chapter 3: Soils 
3.1 INTRODUCTION 
The design of a landfill involves a final cover, intended to reduce infiltration 
into the waste layer of the landfill. A basic final cover consists of a vegetated soil 
layer and barrier liner overlain by a drainage system. This design involves a layer of 
soil as the uppermost layer in a landfill. The soil layer is usually vegetated and 
protects the rest of the cap structure from erosion and other damage (Bagchi, 2004). 
Percolation through the final cover is the most significant factor contributing to the 
production of leachate in a landfill (Farquhar, 1989). Therefore calculating the water 
balance of the final cover correctly is of great importance to understanding the water 
balance of the entire landfill.  
The uppermost soil layer of a landfill is of special importance to the water 
balance, as this is the layer that is in direct contact with the outside environment. The 
physical properties of the soil in this layer determine the runoff of precipitation, the 
initial inflow of water into the landfill, as well as influencing evapotranspiration. The 
properties of the barrier liner usually included below the soil layer are well 
understood, as this layer is specifically installed to reduce infiltration. The properties 
of the soil above the liner though are more spatially variable and therefore warrant 
extra consideration when applying the HELP model in a new region.  
The HELP model calculates the movement of water into, through and out of 
the soil layer, by establishing its water balance. Initially the surface processes are 
modelled, including, interception of rainfall by vegetation, surface runoff and 
evaporation of surface water. Subsequently the infiltration into the landfill is 
considered, as well as soil water evaporation, plant transpiration and vertical 
drainage to the next layer. To calculate the water balance of the soil layer the HELP 
model requires four soil properties, shown in Table 16. 
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Table 16: Required soil hydrological data inputs 
Soil Data Type Units 
Total Porosity vol/vol 
Field Capacity vol/vol 
Wilting Point vol/vol 
Saturated Hydraulic Conductivity mm/h 
 
HELP supplies these values for fifteen soil texture classes, based on the United 
States Department of Agriculture (USDA) textural classification. However these 
values may not be representative of the hydrological properties of Australian soils. 
This chapter presents the collection and analysis of Australian soil data from the 
literature, with the goal of creating a reference table for the expected hydrological 
properties of Australian soils, as grouped by texture.  
3.1.1 Background on the required values 
Saturated hydraulic conductivity 
Hydraulic conductivity is the measure of a soil’s permeability to liquid. 
Hydraulic conductivity is highest when a soil is saturated and the permeability of soil 
under saturated conditions is referred to as the Saturated Hydraulic Conductivity 
(Ksat). When attempting to describe the permeability of a soil, Ksat is mostly the target 
of investigation, as unsaturated conductivity can be difficult to measure (Geeves, 
Craze, & Hamilton, 2007). Ksat is used to describe the rate of flow through porous 
media, such as soil and in HELP is used to calculate the rate at which liquid drains 
through a landfill. 
Expected values 
Ksat is exponentially related to the pore size radius, meaning that the larger and 
more interconnected the pores then the higher the saturated hydraulic conductivity of 
the soil (Geeves et al., 2007). Coarse grained soils have larger, more connected pore 
spaces, resulting in an increased ability to transmit water and therefore a higher 
saturated hydraulic conductivity. Conversely fine grained soils with smaller pore 
spaces have lower ability to transmit water. For these reasons saturated hydraulic 
conductivity is generally higher in sandy soils and decreases as the particle size of 
the soil decreases. Geeves et al. (2007) present ranges of possible values of Ksat for 
some soil texture classes (Table 17) 
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Table 17: Range of values for saturated hydraulic conductivity in Australian soil (Geeves et al., 2007) 
Texture Low Ksat (mm/h) High Ksat (mm/h) 
Sands 120 >700 
Loamy Sands 60 700 
Clayey Sands 2.5  60 
Sandy Loams 5 700 
Loams 5 300 
Clay Loam 0.1 300 
Light Clays <0.1 40 
Medium and Heavy Clays <0.1 40 
 
Table 17 shows that values for saturated hydraulic conductivity can be very 
variable, even within a texture class. The data presented in Table 17 are an extreme 
scenario as soils exhibiting all possible structure grades are included. HELP requires 
a single value as input for the saturated hydraulic conductivity of a layer. The ranges 
of values presented in Table 17 are useful guidelines for further investigation, but 
must be narrowed down to determine a value for Ksat typical of each texture class.  
Porosity, field capacity and wilting point 
Soil is a porous medium and it is this porous quality that gives soil its ability to 
hold and transmit water. The amount of void space per volume of soil is called the 
porosity (𝜙). The soil porosity (𝜙) (Equation 52) is defined as the volume of pores 
containing air or water (𝑉𝑎 + 𝑉𝑤) over the volume of total soil, including pores and 
solids (𝑉𝑗) (H. P. Cresswell & Hamilton, 2002). 
Equation 52: Porosity 
𝜙 =  𝑣𝑣𝑣𝑢𝑚𝑒 𝑣𝑓 𝑝𝑣𝑟𝑒𝑠
𝑡𝑣𝑡𝑎𝑣 𝑣𝑣𝑣𝑢𝑚𝑒 𝑣𝑓 𝑠𝑣𝑖𝑣 =  𝑉𝑎 + 𝑉𝑤𝑉𝑎 + 𝑉𝑤 + 𝑉𝑗 
 
Together porosity, field capacity and wilting point are used to describe the 
moisture retention of a soil. Since porosity describes the volume of pores in a soil, it 
is used in HELP to determine the maximum moisture capacity of a soil. Field 
capacity is defined as the volumetric water connect remaining after a prolonged 
period of gravity drainage and the wilting point is the lower limit of soil moisture 
that can be achieved by plant transpiration. The difference between the wilting point 
and field capacity characterizes the soils available water storage, the amount of water 
a soil can store and is available for plant transpiration (Geeves et al., 2007). In HELP 
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field capacity and wilting point are also defined as volumetric water content at 0.33 
bar suction 15 bar suction respectively (Schroeder, Lloyd, et al., 1994). The 
hydraulic properties are linked to each other, with porosity, field capacity and wilting 
point being dimensionless and having a value between 0 and 1. The wilting point 
must be the lowest of the three, but must be larger than zero, while porosity is the 
highest value (Schroeder, Lloyd, et al., 1994).  
No expected range of values could be found for the soil moisture characteristic 
of Australian soils, but certain trends can be expected in the results. Soils with larger 
pores tend to be made up of larger particles, resulting in a lesser particle surface area 
to which water can adhere. This results in a reduced ability to retain moisture in the 
soil. Conversely fine grained soils will have smaller pore spaces, but a much higher 
particle surface area, resulting in higher moisture retention. Field capacity and 
wilting point are generally lower in sandy soils and increase as the particle size 
decreases.  
3.1.2 Soil classification 
To describe the hydraulic properties of similar types of soil, a classification 
system is required. Since the hydraulic properties in question are related to the 
particle size distribution of the soil a classification based on particle size is 
appropriate. This allows the grouping of soils with similar hydrological properties. 
Multiple textural classification systems exist, with many countries around the world 
using their own unique classifications (Minasny & McBratney, 2001).  
The original HELP model uses the U.S. Department of Agriculture textural 
classification system and the Unified Soil Classification System. Required 
hydrologic data are presented based on these classification systems for a variety of 
soil types, both uncompacted and moderately compacted soils. The values presented 
in HELP are taken from Rawls, Brakensiek, and Saxton (1982) and were developed 
based on U.S. soils.  
The hydrological properties of soils are highly spatially variable, even within a 
single study area (Geeves et al., 2007; Wösten, Pachepsky, & Rawls, 2001). 
Therefore the values currently supplied with the HELP model for U.S. soils may not 
be applicable to soils found in Australia. Furthermore the USDA textural 
classification system does not directly apply to Australian soils. This stems from the 
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fact that most countries use their own textural classifications system and with that 
define the particle size limits of what constitutes sand, silt or clay differently. In the 
U.S. and Australia the particle size limits of silt and sand differ. Table 18 (Minasny 
& McBratney, 2001) shows the differences in particle size limits between the 
Australian and USDA textural classification system.  
Table 18: Particle size limits of the Australian and USDA textural classification systems (Minasny & 
McBratney, 2001) 
 Australian (μm) USDA (μm) 
Clay <2 <2 
Silt  2 – 20  2 – 50  
Sand 20 – 2000  50 – 2000   
 
Because of the difference in particle size limits it is not straight forward to 
apply the USDA classification system to soil data collected in Australia. A new 
textural classification system was chosen to present available soil data for the 
Queensland version of the HELP model. For this project the Australian soil 
classification (Marshal, 1947) is used. This textural classification system was 
specifically developed for Australian soils and uses the correct particle size limits. 
The International Soil Science Society (ISSS) (ISSS, 1929) textural classification 
system is also used, as an alternative classification system. The particle size limits of 
the ISSS and the Australian classification are the same. Data are presented in the 
context of both classification system and both are included in the new HELP 
graphical user interface, allowing the user to choose a preferred classification system.  
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Figure 11: Ternary diagram showing the limits of texture classes of the Australian and ISSS 
classification systems (ISSS texture classes are shown in black, the Australian classification is shown 
in red). *Sa = Sand; Lo = Loam; Si =Silt; Cl = Clay 
Figure 11 shows an overlap of ternary diagrams of the Australian and ISSS 
classification systems. The limits of the ISSS texture classes are shown in black, 
while the Australian classification is shown in red. Most texture classes of the two 
classifications don’t overlap well. The two classifications should complement each 
other well and produce slightly different results.  
Typical values, for porosity, wilting point, field capacity and saturated 
hydraulic conductivity have not been published in a coherent list for Australian soils 
as classified into either of the above texture classes. Raw data exist, but it needs to be 
processed into the format required for use with HELP.  
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3.2 METHODS 
Two new textural classification systems were chosen to present available soil 
hydraulic data in a useful format for Australian conditions. To populate the textural 
classes with hydrological values, published data from tested soils were collected and 
analysed. To be eligible for the purpose of this research the soil data needed to report 
the particle size distribution; i.e. the percentage of sand, silt and clay of the sample, 
as well as either the moisture retention of the soil, which is described by the porosity, 
field capacity and wilting point or the saturated hydraulic conductivity of the soil 
sample. Ideally both data for the moisture retention of the soil and saturated 
conductivity would be available for each sample, but this was not always the case. 
The collected data were compiled to produce an estimate of the hydraulic 
characteristics of Australian soils, as grouped by texture. The goal of the data 
collection was to provide a typical value for the porosity, field capacity, wilting point 
and saturated hydraulic conductivity of each textural class.  
By far the largest difficulty in obtaining reasonable estimates of hydrological 
properties for each texture class was the lack of available data. Saturated hydraulic 
conductivity and moisture retention data are not commonly determined in Australian 
soil surveys, as they can be expensive and time consuming to determine (Minasny & 
McBratney, 2000). The lack of available data meant that the focus of soil data 
collection could not be based solely on Queensland, but that any available data from 
all over Australia had to be considered.  
To make reasonable estimates of the hydrological properties of the soils of a 
particular texture class, point data are needed. Only published datasets, which 
provide a value for the particle size distribution and hydrological data all from the 
same soil sample, are accurate enough. Published datasets and papers used to obtain 
data for the analysis are shown in Table 19. Available data are based on agricultural 
surficial soils.  
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Table 19: Datasets used to obtain the soil hydrological data and sample size per dataset 
Data Set Sites Samples Soil Moisture Ksat 
Forrest, J. Beatty, C. T. Hignett, J. 
Pickering, and Williams (1985) 
60 106 105 106 
Verburg, Bridge, Bristow, and 
Keating (2001) 
8 28 28 28 
Olsson and Rose (1978) 1 5 0 5 
Geeves et al. (1995) 75 196 73 196 
Total 144 335 206 335 
 
Table 19 shows that not all data points included data for all required 
hydrological variables. Data for saturated hydraulic conductivity is available in a 
much larger quantity than for the soil moisture characteristic.  
3.2.1 Data Analysis  
The first step in analysing the data was to determine what texture class each 
data point falls into. For this purpose the “soil texture wizard” (Moeys, 2014) 
software program was used. The program runs in R statistical software and was used 
to plot each data point on a ternary diagram of both the Australian and ISSS textural 
classification systems. This allowed for the classification of each data point into the 
correct texture class with relative ease, while also producing a visual representation 
of the spread of available data. The results of the data classification are shown in 
Figure 12 and Figure 13. 
 
 
 
 
 
 
 
 
 
Figure 12: Distribution of available data in the texture triangle of the ISSS classification: 
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Figure 13: Distribution of available data in the texture triangle of the Australian classification 
Figure 12 shows the available data sorted in the texture classes of the ISSS 
classifications system, while Figure 13 shows the same data in the texture classes of 
the Australian classification. As can be seen from Figure 12 and Figure 13 the 
distribution of raw data was very uneven. Most of the data points fall into the clay, 
loamy and sandy classes, while silty soils are not very well represented. The data are 
distributed reasonably well along the clay and sand axes. Most of the data fall within 
a range of 20 – 85% Sand and within a range of 5 to 65% Clay. However in terms of 
silt the spread of the data is far more limited. Most of the data fall within a range of 
only 5 – 25 % Silt. The thin spread along the silt axis results in the data being 
concentrated in a few of the classes, while others have only limited data points. 
Furthermore the distribution of data through the classes is also uneven, with the data 
points often being grouped towards one area of a texture class. This uneven 
distribution does not provide an ideal basis for the determination of the hydrological 
properties of each class, but reflects the abundance of typical soil types found in 
Australian landscapes. 
To determine the typical values of porosity, field capacity, wilting point and 
saturated hydraulic conductivity, the mean, median and standard deviation were then 
determined for each variable for each texture class using both the Australian and 
ISSS textural classifications. Results of this analysis are presented in Table 20 and 
Table 21.  
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Outliers 
The data for saturated hydraulic conductivity were strongly skewed and there 
were significant outliers present in the data. Three outliers were removed from the 
dataset before analysis was conducted. The values of these outliers were in excess of 
850 mm/h and all were between two to four times higher than the next highest value 
in the entire dataset. The values were also in excess of the expected range of values 
shown in Table 17 Geeves et al. (2007). Due to the extreme nature of these values it 
is likely that they occurred due to measurement errors and have therefore been 
removed from the dataset.  
Further outliers were then determined separately for each texture class, using 
SPSS statistical software. The data for porosity, field capacity and wilting point were 
generally normally distributed for each textural class and no outliers were removed. 
Outliers for saturated hydraulic conductivity were identified by taking into 
consideration multiple analyses. Outliers were identified manually by graphing the 
data, using histograms and box plots and by using descriptive statistics, including 
identification of extreme values. Identified outliers for values of saturated hydraulic 
conductivity were removed from the analysis, as outliers represent non-typical values 
for these soil classes. High values of Ksat could have occurred due to the presence of 
root channels or animal burrowings, because the soil sample was unusually disturbed 
or exhibited an unusually high degree of aggregation, leading to a high value for 
saturated conductivity.  
Since the goal of the data collection was to establish a typical value for each 
texture class these outliers were of no value and were not considered for the analysis. 
Even though the outliers may not have been obtained due to an error, there was no 
point in adding skew to the data, as this would only make it more difficult to extract 
a typical value of Ksat for each texture class. If for any reason an increase of Ksat for 
the soil layer, above what would be normal for a soil of a particular texture, was 
expected during the design of a landfill then this higher value should be included 
manually. Therefore there is no reason to include extremely high values of Ksat 
caused by untypical soil conditions.  
Data for the moisture retention parameters were far less skewed than the data 
for Ksat and were roughly normally distributed. Outliers were rare throughout the 
dataset and we were not removed for any of the moisture retention parameters.  
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Table 20: Results of soil data analysis with data sorted into the groups of the Australian textural classification system.  
 Class Samples Porosity (vol/vol) 
Field Capacity 
(vol/vol) 
Wilting Point 
(vol/vol) 
Ksat 
(mm/h) 
 Total WC Ks 𝑿� 𝝈 M 𝑿� 𝝈 M 𝑿� 𝝈 M 𝑿� 𝝈 M 
Clay [C] 97 75 90 0.45 0.06 0.44 0.37 0.09 0.37 0.25 0.06 0.26 12.06 15.54 4.58 
Silty Clay [SiC] 7 4 5 0.42 0.09 0.46 0.34 0.07 0.34 0.22 0.05 0.21 13.93 20.82 5.60 
Clay Loam [CL] 55 30 47 0.40 0.05 0.40 0.26 0.05 0.26 0.16 0.05 0.15 38.21 41.63 21.00 
Sandy Clay Loam [SCL] 4 4 4 0.33 0.03 0.34 0.23 0.07 0.25 0.14 0.04 0.15 8.98 5.63 8.33 
Silty Loam [SiL] 16 6 15 0.42 0.04 0.43 0.27 0.06 0.27 0.15 0.06 0.12 25.72 18.22 22.00 
Loam [L] 93 42 85 0.39 0.05 0.41 0.23 0.04 0.24 0.11 0.03 0.11 23.18 20.99 16.40 
Sandy Loam [SL] 28 23 26 0.38 0.05 0.39 0.21 0.05 0.20 0.11 0.04 0.10 26.85 34.43 19.00 
Loamy Sand [LS] 31 20 27 0.38 0.08 0.40 0.18 0.04 0.18 0.07 0.03 0.06 31.54 26.41 18.30 
Table 21: Results of soil data analysis with data sorted into the groups of the ISSS textural classification system. 
Class  Samples Porosity (vol/vol) 
Field Capacity 
(vol/vol) 
Wilting Point 
(vol/vol) 
Ksat 
(mm/h) 
 Total WC Ks 𝑿� 𝝈 M 𝑿� 𝝈 M 𝑿� 𝝈 M 𝑿� 𝝈 M 
Heavy Clay [HCl] 76 60 68 0.46 0.07 0.47 0.40 0.08 0.42 0.26 0.05 0.28 8.55 12.99 2.00 
Light Clay [LCl] 49 29 41 0.41 0.05 0.42 0.29 0.06 0.28 0.19 0.05 0.20 19.42 18.55 12.00 
Sandy Clay [SaCl] 23 13 23 0.38 0.05 0.39 0.25 0.04 0.25 0.15 0.03 0.15 29.58 27.89 25.83 
Clay Loam [ClLo] 27 12 24 0.41 0.05 0.41 0.26 0.05 0.28 0.14 0.04 0.13 17.56 14.62 11.88 
Sandy Clay Loam [SaClLo] 70 42 63 0.39 0.05 0.40 0.23 0.05 0.23 0.12 0.03 0.12 29.48 30.18 16.40 
Loam [Lo] 15 7 14 0.4 0.04 0.39 0.27 0.05 0.27 0.11 0.05 0.12 28.86 19.58 25.00 
Sandy Loam [SaLo] 68 39 63 0.38 0.07 0.39 0.19 0.04 0.18 0.08 0.03 0.07 31.38 26.15 24.00 
Loamy Sand [LoSa] 5 2 5 0.36 0.06 0.36 0.15 0.01 0.15 0.09 0.03 0.09 26.37 20.66 18.00 
*WC = Water content Ks = Saturated hydraulic conductivity  𝑿� = Mean; 𝝈 = Standard deviation; M = Median 
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3.3 RESULTS 
Table 20 and Table 21 present the results of the soil data analysis, using both 
the Australian and ISSS textural classifications. The texture classes in both groups 
are roughly organized by decreasing clay content. In general the values for porosity, 
field capacity and wilting point are highest for texture classes with high clay content. 
The values for field capacity and wilting point show a relatively steady decline as 
clay content decreases and are lowest in the texture classes dominated by high sand 
content. The trend is less clear for porosity where results are a more variable; 
however the same trend can still be observed.  
In terms of saturated hydraulic conductivity the results are less clear. Texture 
classes with higher clay content show lower results for Ksat, however particularly in 
these classes the distribution of data was very skewed, as evidenced by the large 
difference between means and medians. Classes tending towards higher sand content 
display higher means and medians for Ksat, while the skew of the data is also 
reduced, but not eliminated. Overall the results for saturated conductivity are less 
clear than the results for the soil moisture retention parameters.  
The data for saturated hydraulic conductivity were skewed in most texture 
classes, which is reflected in the large difference between means and medians. The 
high degree of skew indicates that a most of the data for Ksat are not normally 
distributed. The mean is not a good indicator of typical value of Ksat for non-
normally distributed classes. To determine if the distribution of Ksat values was 
normal in any of the classes a W test (Sharpiro & Wilk, 1965) was performed. This 
tests the hypothesis H0 that the data is normally distributed against H1, that the data 
are not normally distributed. A significance level of 5% was used to determine 
normality. Non-normally distributed data were transformed using a log base 10 
transformation and then re-tested for normality using the W test. Table 22 and Table 
23 show the results of the normality testing and the transformed mean and standard 
deviations. 
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Table 22: Results of W test and data transformation presented for data in the Australian classification 
Texture Class Transformation Mean Standard Deviation 
Clay [C] Trans. Failed   
Silty Clay [SiC] 𝐿𝑣𝐿10(𝑥) 6.26 3.99 
Clay Loam [CL] 𝐿𝑣𝐿10(𝑥) 19.73 3.60 
Sandy Clay Loam [SCL] NTR 8.98 5.63 
Silty Loam [SiL] NTR 25.72 18.22 
Loam [L] 𝐿𝑣𝐿10(𝑥) 15.75 2.63 
Sandy Loam [SL] 𝐿𝑣𝐿10(𝑥) 18.42 2.59 
Loamy Sand [LS] 𝐿𝑣𝐿10(𝑥) 22.67 2.30 
 
Table 23: Results of W test and data transformation presented for data in the ISSS classification 
Texture Class Transformation Mean Standard Deviation 
Heavy Clay [HCl] Trans. Failed   
Light Clay [LCl] Trans. Failed   
Sandy Clay [SaCl] 𝐿𝑣𝐿10(𝑥) 14.01 4.47 
Clay Loam [ClLo] 𝐿𝑣𝐿10(𝑥) 11.34 2.95 
Sandy Clay Loam [SaClLo] 𝐿𝑣𝐿10(𝑥) 18.21 2.77 
Loam [Lo] NTR   
Sandy Loam [SaLo] 𝐿𝑣𝐿10(𝑥) 21.64 2.53 
Loamy Sand [LoSa] NTR   
*NTR = No Transformation Required;  
The transformed mean and transformed standard deviation were obtained by 
taking the anti-log of the mean and median of the logarithmically transformed data, 
therefore returning the results to the correct scale. The results from the W test in 
Table 22 and Table 23 show that data for saturated hydraulic conductivity, for most 
classes were not normally distributed. Even after trailing multiple transformations a 
normal distribution could not be achieved for all classes. This is marked in the Table 
22 and Table 23 as “Trans. Failed”. For data classified into the Australian texture 
classification normality could not be achieved for the Clay class. All other classes 
were already normally distributed or were normalised. For data classified into the 
ISSS classification, normal distribution could not be achieved for the Heavy Clay 
and Light Clay texture classes. The Loam and Sandy Loam classes were found to be 
normally distributed and did not require transformation. For the remaining classes a 
normal distribution could be achieved.  
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3.3.1 Final values 
A list of the final values included in the Australian version of the HELP model 
was compiled from the preceding analyses. For those classes found to have a normal 
distribution of saturated hydraulic conductivity values the mean was used as the final 
value. For any non-normally distributed classes transformations were attempted to 
obtain a normal distribution. If the transformation was successful then the 
transformed mean was used. For the remaining non-normally distributed texture 
classes the median was used to estimate a typical value. The standard deviation was 
used as an estimate of range for the final value in all classes. The final values to be 
included in the Queensland version of the HELP model are shown in Table 24 and 
Table 25.  
Table 24: Final values for the texture classes of the Australian classification 
Class Porosity Field Capacity Wilting Point Ksat  
 vol/vol vol/vol vol/vol mm/h 
 Value Range Value  Range Value Range Value Range 
Clay [C] 0.45 0.06 0.37 0.09 0.25 0.06 4.58 4.58 
Silty Clay [SiC] 0.42 0.09 0.34 0.07 0.22 0.05 6.26 3.99 
Clay Loam [CL] 0.40 0.05 0.26 0.05 0.16 0.05 19.73 3.60 
Sandy Clay Loam [SCL] 0.33 0.03 0.23 0.07 0.14 0.04 8.98 5.63 
Silty Loam [SiL] 0.42 0.04 0.27 0.06 0.15 0.06 25.72 18.22 
Loam [L] 0.39 0.05 0.23 0.04 0.11 0.03 15.75 2.63 
Sandy Loam [SL] 0.38 0.05 0.21 0.05 0.11 0.04 18.42 2.59 
Loamy Sand [LS] 0.38 0.08 0.18 0.04 0.07 0.03 22.67 2.30 
 
Table 25: Final values for the texture classes of the ISSS classification 
Class Porosity Field Capacity Wilting Point Ksat  
 vol/vol vol/vol vol/vol mm/h 
 Value Range Value Range Value Range Value Range 
Heavy Clay [HCl] 0.46 0.07 0.40 0.08 0.26 0.05 2.00 2 
Light Clay [LCl] 0.41 0.05 0.29 0.06 0.19 0.05 12.00 12 
Sandy Clay [SaCl] 0.38 0.05 0.25 0.04 0.15 0.03 14.01 4.47 
Clay Loam [ClLo] 0.41 0.05 0.26 0.05 0.14 0.04 11.34 2.95 
Sandy Clay Loam 
[SaClLo] 
0.39 0.05 0.23 0.05 0.12 0.03 18.21 2.77 
Loam [Lo] 0.4 0.04 0.27 0.05 0.11 0.05 28.86 25.00 
Sandy Loam [SaLo] 0.38 0.07 0.19 0.04 0.08 0.03 21.64 2.53 
Loamy Sand [LoSa] 0.36 0.06 0.15 0.01 0.09 0.03 26.37 18.00 
 
 Chapter 3: Soils 85 
Table 24 shows the final values that have been produced for data classified into 
the texture classes of the Australian textural classification system. Table 25 shows 
the final values that have been produced from the same data, but classified into the 
texture classes of the ISSS classification system. The final values are representative 
of the typical values expected for a surficial, low compacted, agricultural soil. This 
represents the range that can be reasonably expected from for each value. The USDA 
soil values included in HELP are presented Table 26. The texture classes are 
organized roughly in order of increasing clay content.  
Table 26: U.S. data presented in the USDA classification 
Classification Total Porosity 
Field 
Capacity 
Wilting 
Point 
Saturated 
Hydraulic 
Conductivity 
HELP 
# 
USDA vol/vol vol/vol vol/vol mm/h 
1 Coarse Sand 
[CoS] 
0.417 0.045 0.018 360.0 
2 Sand [S] 0.437 0.062 0.024 208.8 
3 Fine Sand [FS] 0.457 0.083 0.033 111.6 
4 Loamy Sand 
[LS] 
0.437 0.105 0.047 61.2 
5 Loamy Fine 
Sand [LFS] 
0.457 0.131 0.058 36 
6 Sandy Loam 
[SL] 
0.453 0.190 0.085 25.92 
7 Fine Sandy 
Loam [FSL] 
0.473 0.222 0.104 18.7 
8 Loam [L] 0.463 0.232 0.116 13.32 
9 Silty Loam 
[SiL] 
0.501 0.284 0.135 6.84 
10 Sandy Clay 
Loam [SCL] 
0.398 0.244 0.136 4.32 
11 Clay Loam 
[CL] 
0.464 0.310 0.187 2.3 
12 Silty Clay 
Loam [SiCL] 
0.471 0.342 0.210 1.51 
13 Sandy Clay 
[SC] 
0.430 0.321 0.221 1.19 
14 Silty Clay 
[SiC] 
0.479 0.371 0.251 0.9 
15 Clay [C] 0.475 0.378 0.265 0.612 
 
The data shown in Table 26 is the data currently used in the HELP model. This 
data based on U.S. soils as compiled by Rawls et al. (1982). Trends in the U.S. data 
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are straight forward. The values for field capacity and wilting point increase steadily 
as the clay content increases, with hardly any exceptions. A similar trend can be seen 
in the values for porosity, but to lesser degree, with more inconsistency. There is also 
a very clear trend in the values for hydraulic conductivity. The values for Ksat 
decrease very strongly, as clay increases, without any exceptions. Higher silt content 
also appears to play a secondary role in reducing Ksat as well. The trend showcased 
by the U.S. data is very clear; as the overall particle size of a soil sample decreases 
the hydraulic conductivity decreases.  
HELP also includes hydrological values for moderately compacted soils. These 
are not included here as the formula to derive them requires input data which was not 
available for the collected Australian data. The data presented for Australian soils 
(Table 24 and Table 25) and for U.S. soils (Table 26) are intended to be 
representative of surficial agricultural soils.  
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3.4 DISCUSSION: 
The goal of the data collection of Australian soil hydrological data is to 
establish a table of values, presenting a typical value for the porosity, field capacity, 
wilting point and saturated hydraulic conductivity of Australian soils classified by 
their texture. Such a table is included with the original HELP model for U.S. soils. 
The final values obtained for Australian soils are shown in Table 24 and Table 25, 
using both the Australian and ISSS textural classification systems. The U.S. values 
already included in HELP are shown in Table 26. The newly calculated data for the 
Australian and ISSS classifications will be included in the new HELP program 
interface. The original USDA soils data will also still be available for selection, for 
the sake of compatibility.  
3.4.1 Justification for choice of final values:  
The choice of final value was ultimately dependent on the distribution of the 
raw data in each texture class. The value that best represents a typical value of a 
particular texture class depends on the distribution of the raw data. If the distribution 
is normal, then the mean was used. If it was possible to eliminate skew then then the 
transformed mean was used. If the data could not be transformed and skew could not 
be removed then the median was used as the final value. The median was used in 
those cases, as it is not as strongly affected by skew as the mean. Ultimately the 
HELP model will accept only a single value as the input for any of the hydrological 
values so a single typical value had to be extracted from the data.  
The data for porosity, field capacity and wilting point were roughly normally 
distributed in all texture classes. For this reason the mean was used as the most 
typical value for these variables. The data for saturated hydraulic conductivity were 
skewed for most texture classes. This made obtaining a typical value more difficult 
than it was for the normally distributed moisture retention data. An attempt was 
made to normalize the data of any non-normally distributed classes. However a 
transformation to normal distribution could not be achieved for all classes.  
3.4.2 Comparison with U.S. data 
Comparing the results for final values derived from the Australian data (Table 
24 and Table 25) with the U.S. values supplied with the HELP model (Table 26) a 
few key similarities and differences in the values are very clear. The values for the 
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soil moisture retention parameters, porosity, field capacity and wilting point, show 
good agreement between similar texture classes. The range of values between classes 
is similar, when taking into account that the Australian data has no values available 
for the Sand texture classes. Comparing similar classes, the values for field capacity 
and wilting point are almost identical. Values for porosity display a slightly larger 
range in the Australian data, than the U.S. data.  
The soil moisture retention values also agree with the expected trends 
discussed in section 3.1.1. The values for field capacity and wilting point are at their 
highest in the clay class and drop gradually, with few inconstancies, reaching their 
lowest values in the sandy categories. The results for soil moisture retention are not a 
cause for concern. The overall lack of raw data has resulted in some texture groups 
from the Australian and ISSS classifications not being represented in the final values, 
as can be seen in Figure 12 and Figure 13. The uneven distribution of data within 
some classes seems to have had little negative effect. 
Differences between the Australian and U.S. data are more distinct for values 
of saturated hydraulic conductivity. The most obvious difference between the sets of 
values is the range of data. The U.S. data ranges from 61.2 mm/h for Loamy Sand to 
0.612 mm/h for Clay, while the range for Clay to Loamy Sand is from 4.58 mm/h to 
22.67 mm/h for data in the Australian classification system. While the values for Ksat 
are lowest for Clay and higher in sandier classes, using the Australian or ISSS 
classification system the increase in Ksat towards the more sandy classes is nowhere 
near as pronounced as in the U.S. data. In fact using the Australian classification the 
Silty Loam class has the highest value of Ksat. Using the ISSS classification the 
Loam class has the highest value for Ksat.  
While the results produced for saturated hydraulic conductivity are clearly 
limited, the final values produced are still useful. All final values fall within the 
ranges provided by Geeves et al. (2007) shown in Table 17. The data also follow the 
expected trend of lowest Ksat in the clay classes and higher Ksat in sandier classes.  
The distribution of raw data throughout both the texture triangles (Figure 12 
and Figure 13) and within texture classes is not ideal. Data are concentrated in 
texture classes with low silt content. However, this represents the abundance of 
typical soil textures found in Australian soils. Furthermore the spread of data within 
individual classes is not ideal, with data often being concentrated in only one area. 
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To obtain ideal values for each class a better spread of data would be required. 
However more data could not be obtained and the lack of data is therefore the major 
limitation of the soil data collection presented in this chapter.  
When comparing the U.S. data to the Australian data, it is important to 
remember that the U.S. data was created from a far greater sample size. While the 
final values that have been obtained for saturated hydraulic conductivity are not 
perfect, they are still useful and will be included in the Queensland version of the 
HELP model. 
3.4.3 Limitations  
The most obvious limitation of this work is the lack of available data. Table 19 
shows the datasets used to obtain raw data. The total sample size used to estimate the 
hydrological properties of Australian soils is only 335. Considering the spatial and 
even temporal variation inherent in hydrological properties (Wösten et al., 2001) this 
is a relatively small sample size to generate estimates of values for multiple texture 
classes. However the required hydrological data are not commonly collected in 
Australian soil surveys and this was simply the extent of useful data that could be 
obtained.  
The hydrological properties of soils are important not just for the modelling of 
landfill leachate generation, but are also play an important role in runoff, infiltration 
or groundwater recharge modelling and are especially important for agricultural 
modelling and prediction.  
Because of the overall shortage of data the focus of further work should be 
firmly on the collection of soil hydrological data. However an effort should also be 
made to present soil hydrological data and soil data in general in a cohesive and easy 
to access manner. For this project, for example, datasets had to be tracked down and 
requested individually, which was time consuming endeavour. The overall shortage 
of data, combined with the difficulty of access to available data can make projects 
requiring soil hydrological data difficult to complete.  
Another solution to the lack of available data is the development of 
pedotransfer functions to derive hydrological properties from more readily available 
soil data. Some pedotransfer functions for Australian soils have been developed by 
Minasny and McBratney (2000) and Hamish P. Cresswell and Paydar (1996). 
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Pedotransfer functions are a useful solution to the problem of data availability, 
however ultimately they still require hydrological data for their evaluation. A larger 
volume of Australian soil hydrological data would benefit researchers producing 
pedotransfer functions and researchers in many other fields.  
Textural classification systems are ultimately based on a background of soil 
science and not hydrology. The limits of soil classes within a classification therefore 
do not take hydrological data into account, meaning that such a system will never be 
perfectly suited for classifying soils based on like hydrological properties (Bormann, 
2010). Bormann (2010) attempted to lay the foundations for such a hydrologically 
motivated classification system. However such a system would need to be adjusted 
based on local differences, so a hydrologically motivated classification system based 
on Australian soil data would be required. Such a classification system would 
ultimately improve the usability of soil hydrological data and likely lead to improved 
modelling outcomes for any users of the data. However at the moment the shortage 
of available data still represents the major hurdle to better understanding the 
hydrological properties of Australian soils, while improved classification systems are 
something that can be considered once an abundance of data are available.  
The data final values presented in Table 24 and Table 25 are intended as 
suggestions and are a good starting point when planning a landfill design. However 
due to the discussed limitations of especially the saturated hydraulic conductivity 
values, it is recommended that hydrological values also be determined site 
specifically, to ensure the best possible modelling outcome.  
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Chapter 4: H.E.L.P. Program Modification 
4.1 INTRODUCTION 
To use the HELP model in Australia, a user interface is required from which 
Australian soil and weather data can be selected, and particular model parameters can 
be defined. Consequently, a functional version of the HELP model requires a 
graphical user interface (GUI), which links with the weather generator (syngen.exe) 
and the mathematical program module of the HELP model (help3o.exe). The GUI is 
used to define the input required for the actual mathematical components of the 
model, the weather generator is responsible for synthetic weather generation and 
help3o.exe calculates the water balance of the landfill and is responsible for the 
printing of the results. Furthermore, the weather generator requires weather 
parameters for desired locations and the mathematical component of the HELP 
model requires hydrological properties of any layers in a given landfill design. 
To create a version of the HELP software adapted to Queensland soil and 
weather conditions, two types of modifications have to be made. To begin with, the 
Graphical User Interface (GUI) has to be improved so that the Australian weather 
and soil data presented in Chapters 2 and 3 are included in this interface. In addition, 
the software needs to run smoothly in modern Windows based computing 
environments (e.g. 64 bits systems as opposed to obsolete 32 bit systems). In its 
current state, the HELP GUI does not function in modern Windows environments, 
because these machines are not able to run some of the old model components due to 
incompatibility issues. Therefore, the HELP user interface was rebuilt using a current 
programming language (Visual Basic 11) so that the GUI could be used in modern 
computing environments. In addition, both the weather generator (syngen.exe) and 
the HELP model mathematical component (help3o.exe) also had to be recompiled to 
allow them to run in modern 64-bit computing environments.  
4.1.1 Technical considerations 
The original graphical user interface for the HELP model was written in the 
BASIC v7.1 programming language using Microsoft Basic Professional 
Development System Version 7.1. (Schroeder, Lloyd, et al., 1994). The program runs 
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in DOS, meaning that the original GUI does not accept input from a mouse and can 
only be operated with a keyboard. This interface is obsolete, as it is not user-friendly 
and does not run correctly in modern computing systems. Therefore, it was decided 
to upgrade the GUI so that the HELP model could be used efficiently in Australia. 
To do so, the Visual Basic 11 programming language was chosen. Visual Basic 11 is 
a .NET framework based language and any programs written in this language require 
the latest version of .Microsoft .NET framework to run. Microsoft Visual Studio 
2012 was used as the development environment, which provides the tools and 
processes, required to code the HELP interface. In this way it could be said that the 
language used to code the interface is Visual Basic 11, while the tool used to produce 
the actual code is the Visual Studio 2012 integrated development environment, all of 
which is underlain by the .NET framework, which processes the code into machine 
language.  
Visual Basic 11 is a successor to the BASIC v7.1 language and they share a 
common basis. Even though the overall structure of the language is similar, it would 
be difficult to directly translate code written in Basic v7.1 to Visual Basic 11. While 
the structure of subroutines and the way calculations are performed may be similar in 
both languages there are enormous differences in the way interfaces are designed in 
the two programs. Basic v7.1 requires the programmer to build a DOS interface from 
scratch, while with Visual Basic Studio 2012 a series of tools are included to design 
an interface that will have a similar appearance to other modern Windows 
applications.  
The Visual Basic programming language has evolved too much for any of the 
original code to be useful and the HELP GUI therefore had to be rebuilt from 
scratch. The design of the new HELP interface was based directly on the original 
DOS interface of HELP 3.07 and performs most of the same functions. 
The mathematical components of the HELP model syngen.exe and help3o.exe 
had to be recompiled to function in modern 64-bit computing environments, but this 
was much less problematic than designing a new user interface. The version of 
syngen.exe used is based on the version modified by Taulis (2002), which includes 
data for A and B matrices, not included in the original syngen.exe. Help3o.exe 
required a minor modification, relating to a function designed to print the date and 
time of simulation in the output file, but is otherwise unchanged from the original 
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version of HELP. Both executables were compiled using MinGW’s gfortran 
compiler, which is freeware.  
Weather parameters required for the synthetic weather generation are stored in 
a specially formatted file named as “tape2.new”. The interface needs to access this 
file and read the relevant data. Data is then generated for the selected location and a 
temporary input file is created so that it can be used by syngen.exe. The Australian 
soil data are stored internally in the interface and made available for selection when 
specifying a landfill design.  
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4.2 HELP INTERFACE DESIGN 
According to Schroeder, Lloyd, et al. (1994) “The flow or logic of the input 
facility of the HELP program may be viewed as a tree structure. The tree structure 
consists of nodes where new branches of the tree are started. The first node is called 
the trunk, root or parent node.” This structure results in an interface that is split 
between different functions. For example once the enter/edit weather data branch is 
selected this section has to be completed before the user can return to the main menu 
and access other sections of the model. This underlying logic has been preserved in 
the Queensland version of the HELP interface.  
 
Figure 14: Schematic of the structure of the original HELP interface (Schroeder, Lloyd, et al., 1994) 
Figure 14 shows an overview of the tree structure of the HELP model interface. 
This structure was largely preserved in the newly designed HELP Queensland 
interface. The Weather Data, Soil and Design Data, Execute Simulation and View 
Results nodes are still present and perform the same functions. The Print Results 
node is no longer present; if the user desires a physical printout of the results then 
this can be done by manually printing the results file produced by the simulation. The 
structure of the Queensland HELP interface is designed so that weather data and soils 
and design data are separate subprograms and their results are brought together by 
executing the simulation.  
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4.2.1 Weather interface 
The weather subprogram in the new HELP user interface allows the user to 
select evapotranspiration parameters based on location, and to generate precipitation, 
temperature and solar radiation data. The available options for weather data have 
been reduced in the new interface. The original HELP interface presents multiple 
options to import weather data along with the option of synthetic generation. The 
original interface allows the user to import default data from various sources, such as 
NOAA data or data from HELP 2. As these options only apply to U.S. weather data, 
they were not included in the Queensland version of the HELP interface. The only 
available option for weather data in the new HELP interface is to generate synthetic 
data for one of the twenty one locations for which the required weather parameters 
have been calculated.  
 
Figure 15: Schematic of the weather data module in the original HELP user interface (Schroeder, 
Lloyd, et al., 1994) 
The execution of the weather subprogram in the new interface follows a similar 
logic as shown in Figure 15, with the exception of the “weather data files for editing” 
window. Since the only option for weather data is to generate synthetic data there is 
no need for a separate load screen. Upon entering the weather subprogram, the 
Evapotranspiration data window (Figure 16) is shown. Once evapotranspiration data 
has been entered, the user can freely move between the evapotranspiration, weather 
(precipitation, temperature and solar radiation) and save data windows (these 
windows are active only one at a time).  
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Figure 16: The evapotranspiration data window of the new HELP interface 
The Evapotranspiration Window (Figure 16) is the first window of the weather 
subprogram. Upon loading, the Evapotranspiration data window is initially blank. 
The only option for the user is to click Select Location and Load Data. This brings 
up a Select Location window prompting the user to select a city from a list of twenty 
one Queensland locations. This list contains all the locations for which weather 
parameters are available and the user must select one of the locations. Once a 
selection has been made, the user is returned to the Evapotranspiration window. 
Relevant data for the selected location is displayed in the appropriate textboxes and 
the user can make changes as required. The units, which are set to U.S. customary by 
default, can now be changed, by clicking on one of the radio buttons in the Units 
box. Doing so converts all data to the appropriate units and changes the labels to 
display the appropriate units. If using U.S. customary units, evaporative zone depth 
is required inches and wind speed in miles per hour. If using metric units, the 
required units are centimetres and kilometres per hour respectively. The choice of 
units will be the same for the remainder of the weather subprogram, unless changed. 
Once all required fields are completed the user can continue on the weather data 
generation by clicking the Next button. Upon clicking the Next button the program 
will check if any fields are missing data or contain any invalid values; if so, the user 
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will be prompted to fill in the missing data before being allowed to continue. If there 
are no evapotranspiration data missing, the program will proceed to the next window 
which is the Precipitation, Temperature, and Solar Radiation input window. 
 
Figure 17: The precipitation, temperature, and solar radiation data window of the new HELP interface 
Upon loading the Precipitation, Temperature and Solar Radiation window, 
shown in Figure 17, only the option to generate synthetic precipitation will be 
available. Precipitation must be generated before Temperature and Solar Radiation, 
as the calculation routine is conditioned, on the wet or dry status of a particular day 
and therefore this information is required before proceeding. No historic or default 
data are available, so the only option is to generate synthetic data. Once the button 
Generate Precipitation is selected, a window enabling the user to select precipitation 
parameters will be displayed (Figure 18). At the top of the window the previously 
selected location is displayed. In this window the length of the simulation is specified 
and the mean monthly precipitation is entered, in inches or millimetres. The mean 
monthly precipitation values are used to calculate a rainfall correction factor, which 
adjusts the calculated amount of precipitation. If the user has mean monthly 
precipitation data available then these can be used to improve the results of the 
synthetic rainfall generation. Otherwise the default mean monthly values provided by 
the program can be used, by checking the Use Default option. To execute the 
generation of precipitation the user clicks on the Generate Precipitation button. 
This will close the Precipitation Correction window and initialize the calculation 
routine for synthetic precipitation data. Data is calculated based on the weather 
parameters contained in the tape2.new file, for the specified location.  
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Figure 18: The precipitation correction window of the new HELP interface 
Once precipitation has been generated a message is displayed at the bottom of 
the weather data window (Figure 17), indicating that data has been generated 
successfully and displaying the years of data generated. The options to generate 
temperature and generate solar radiation are now available. The user can now click 
on Generate Temperature, which will bring up a window similar to the precipitation 
correction window show in Figure 18, except the user will be asked to specify the 
mean monthly temperature in degrees Fahrenheit or degrees Celsius. Once again the 
user can choose to input custom mean monthly values, resulting in changes in the 
temperature data generated. Alternatively, the user can choose to work with the 
provided mean monthly temperature. The location and previously specified years of 
simulation are displayed at the top of the form. The “years of data to generate” 
cannot be changed in this window, to ensure all weather files produced in one session 
cover the same length of time. Clicking the Generate Temperature button will 
initialize the calculation routine for synthetic temperature data. Once temperature has 
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been calculated a message will once again display the years of data that have been 
successfully generated at the bottom of the weather data window (Figure 17). To 
generate synthetic solar radiation the user clicks on the Generate Solar Radiation 
button. In the case of solar radiation no new window is opened as Synthetic Solar 
Radiation is generated automatically for the location and latitude specified in the 
evapotranspiration form (Figure 16) and the number of years specified in the 
Precipitation Correction window (Figure 18). Once the user has calculated 
precipitation, temperature and solar radiation data, the Next button can be selected. 
This takes the user to the final window of the weather subprogram, Figure 19, the 
Save Data window. 
 
Figure 19: The save data window of the new HELP interface 
The Save Data window displays the data available to save. If one or more of 
these data files are missing this will be displayed here and the user has the option to 
go back and create the missing data. To save all available data, the Save button can 
be selected. The user is then prompted to select a save location and enter a file name. 
The program will move and rename the temporary precipitation, temperature, solar 
radiation and evapotranspiration data files to the desired location.  
Table 27: Weather data file extensions 
Data Type Extension 
Evapotranspiration *.D11 
Precipitation *.D4 
Temperature *.D7 
Solar Radiation *.D13 
 
Table 27 shows the extensions for each of the saved data files for each data 
type. All files are given the same name and stored in the same location, but can be 
distinguished by their unique extension. Once the data have been saved, the user is 
prompted to return to the HELP interface main menu.  
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4.2.2 Soils and design interface 
The soils subprogram allows the user to define a landfill design and input its 
required properties. Using the HELP interface a landfill design can be created by 
defining the properties of up to twenty separate layers. In the new HELP interface, 
the Australian soil properties can be used in the layer design.  
 
Figure 20: Schematic of the soils data module in the original HELP user interface (Schroeder, Lloyd, 
et al., 1994) 
Figure 20 shows the logic of the soil and design module in the original HELP 
program. Once a soil and design file has been specified, the user can navigate 
between the three main windows freely. In the landfill general information window 
the project name, landfill surface area and runoff area are defined. The profile design 
and layer data window is used to enter the actual landfill design data and the runoff 
curve number window is used to define a curve number. Once the user has completed 
the design, the program verifies the data and layer arrangement before saving.  
This logic has been largely preserved in the rebuilt HELP interface, with the 
exception of the data verification. Data verification is now completed after each 
window is completed rather than as single step before saving. The user will need to 
fill required data in each window before proceeding to the next one but once the 
required data are entered, the user can move freely between the three windows.  
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Figure 21: The landfill general information window of the new HELP interface 
Navigating from the Main Menu to the Soil and Design subprogram opens the 
Landfill General Information window, shown in Figure 21. In this window the user 
must enter the title of the project, select the units used for the design and define the 
landfill surface area. Runoff as a percentage of the landfill surface area must also be 
given and the user must choose whether the initial moisture of all layers in the 
landfill should be user defined or initialized automatically by the program. If the 
HELP program is chosen to calculate initial moisture, then the program will calculate 
the water balance of the landfill for one year and use the computed moisture storage 
as the initial moisture storage.  
Once the user has entered all required data the Next button can be clicked. This 
takes the user to the Landfill Design window, shown in Figure 22. This window is 
used to specify the actual design of the landfill, by defining the properties of 
individual layers, until enough layers are present to complete the design. The 
window is split into two sections by a control tab. The first tab displays general 
landfill information such as the layer type, layer thickness and soil texture number, as 
well the layers porosity, wilting point, field capacity and saturated hydraulic 
conductivity. The user specified initial moisture is also shown, if required. The 
second tab displays the length and slope of any drainage layers along with leachate 
recirculation data. Geomembrane properties, the pinhole density, installation defects, 
placement quality, liner saturated hydraulic conductivity and transmissivity, are also 
shown on this tab.  
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Figure 22: The landfill design window of the new HELP interface 
Data cannot be entered into the Landfill Design window (Figure 22) directly 
because, prior to doing so, the user must click on the Add Layer 1 button to begin 
defining the design of the landfill. The program was designed in this manner to 
ensure the correct information is entered for each layer type. The HELP program 
allows for four different layer types and each type requires different data. The four 
layer types available are:  
• Vertical Percolation Layers 
• Lateral Drainage Layers 
• Barrier Soil Liners 
• Geomembrane Liners 
Vertical percolation layers are soil or waste layers. Water can drain vertically 
through these layers. Lateral drainage layers are typically placed above a liner. These 
layers allow for the drainage and removal of leachate out of the landfill profile, 
preventing an excessive build-up of head on a liner system. Both barrier soil and 
geomembrane liners act to restrict the movement of water through the landfill profile.  
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Figure 23: The define layer window of the new HELP interface 
Once the user clicks the Add Layer 1, in the Landfill Design window, the 
Define Layer window (Figure 23) is shown. Here, the required properties of the layer 
are entered. Before beginning to enter data, the user must first select one of the four 
available layer types. Once the layer type is confirmed (by clicking confirm), the 
required textboxes for that layer type will become available. The user can then click 
on the Select From List button. This will open a window containing a list of 
available soil and material properties (Figure 24). The new Australian soils data, 
presented in chapter 3, are available for selection from this window. Data from the 
original HELP model is also included. Hydrological properties are available for 
American soils in the USDA classification system and for Australian soils classified 
using the Australian textural and the ISSS classification systems. Hydrological 
properties of municipal waste are available, as well as the properties of several 
materials used in drainage layers and the properties of several geomembrane 
materials. The user must make a selection appropriate for the layer being defined. 
For example, the program will not allow the user to select a geomembrane material 
for a vertical drainage layer or vice versa.  
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Figure 24: The select soil or material window of the new HELP interface 
Once an appropriate selection has been made, the user will be returned to the 
Define Layer window (Figure 23) where the hydrological properties of the selected 
soil or material will be displayed. The user can modify these properties if desired and 
depending on the layer type, additional information may be required. Required soil 
or material properties can also be entered manually, if desired, without selecting any 
of the default options available. 
Before allowing the user to add a layer to the design, by clicking Add Layer, 
the program checks to ensure all required data have been entered and all data is 
acceptable. Different layer types may require additional data. Lateral drainage layers 
require additional data regarding the drainage length and slope, while geomembrane 
liners require additional data to determine leakage through the liner. If the user has 
chosen to specify initial moisture then the moisture storage of the layer must be 
given here, unless the layer in question is a geomembrane liner. If there are no errors 
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or omission in the entered data, the user is returned to the Landfill Design window, 
where the previously entered layer data will be displayed.  
Once the first layer has been defined, further layers can be added by repeating 
the same process. A given landfill design can comprise of up to a maximum of 
twenty layers. Once the landfill design is complete the user can click the Next button 
located at the bottom right of the window. The program will then verify the 
arrangement of layers in the landfill design. The design must adhere to a set of rules 
and if any of the following design rules are broken the user will be unable to 
continue and will be prompted to change the design. These rules, which are part of 
the original HELP model, consist of the following statements (Schroeder, Lloyd, et 
al., 1994): 
• A vertical percolation layer may not be underlying a lateral drainage layer 
• A barrier soil liner may not be underlying another barrier soil liner 
• A geomembrane liner may not be placed directly between two barrier soil 
liners 
• A geomembrane liner may not be underlying another geomembrane liner 
• A barrier soil liner may not be placed directly between two geomembrane 
liners 
• The top layer may not be a barrier soil or geomembrane liner 
• The profile can contain no more than a total of five barrier soil liners and 
geomembrane liners 
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Figure 25: The runoff curve number window of the new HELP interface 
If the layer arrangement check is passed the user will be taken to the Runoff 
Curve Number Information window, shown in Figure 25. In this window the curve 
number, which is used to compute the intensity of runoff occurring from the landfill, 
must be defined using one of three available methods. The user can enter any curve 
number of their choosing, have a curve number of their choosing corrected for slope, 
or let the program calculate a curve number. The option to let the program calculate a 
curve number requires the slope as a percentage, slope length, soil type and 
vegetation quality. Soil type can be selected from any of the USDA soil 
classifications available and the user should select the soil type most similar to the 
soil type in the top most layer of the landfill design. The vegetation quality ranges 
from 1 (bare ground) to 5 (excellent). 
Figure 26 shows a ternary diagram overlapping the USDA and Australian soil 
texture classifications. This figure can be used to establish a rough estimate of which 
Australian texture class corresponds to which USDA class. The runoff curve number 
relationship to the soil texture and the other parameters was calculated from a dataset 
by the USDA in conjunction with the soil conservation service (SCS) (Schroeder, 
Dozier, et al., 1994). To recalculate these relationships for Australian data would 
require the collection and processing of a large volume of data and is beyond the 
scope of this project. Therefore only the USDA soil classes are available for 
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selection for use in the runoff curve number calculation and users will have to rely on 
Figure 26 to estimate the correct soil class. 
 
 
 
 
 
 
 
 
 
Figure 26: Ternary diagram showing the Australian and USDA textural classification systems (USDA 
texture classes are shown in black, the Australia classification is shown in blue).  
Once a curve number has been defined the user can save the design by clicking 
on the Save button or navigate back to go over the design again by clicking the Back 
button. Clicking the Save button will show the Soils and Design – Save Data 
window. The window will display the project name and whether any layer design 
data is present. Once the Save Landfill Design button is clicked the user will be 
prompted to select a save location and a file name for the soil and design data file. 
The landfill design file will be saved with a .D10 extension in the chosen location. 
After the data has been saved successfully the user will be prompted to return to the 
main menu.  
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Figure 27: The execute simulation window of the new HELP interface 
From the main menu, the user can click the Execute Simulation button. This 
brings up Figure 27, the Execute Simulation window, where the required input files 
can be selected and the desired output defined. If data files have been created in the 
current session their paths will already be displayed in the relevant fields, otherwise 
if the user wishes to use previously created data these files can be located by clicking 
the Browse button. The required data file can then be selected manually by the user. 
No restrictions are placed on the selection of data, but ideally the three weather data 
files, precipitation, temperature and solar radiation, should have been created in the 
same session, to ensure they are from the same location and of the same length. The 
input files required to calculate the water balance with HELP are listed in Table 28. 
Table 28: Required files for simulation and their extensions 
Data Type Extension 
Precipitation *.D4 
Temperature *.D7 
Solar Radiation *.D13 
Evapotranspiration *.D11 
Design Data *.D10 
Output File *.OUT 
 
After specifying the required input files the user must set the desired output. 
The user must specify the years to simulate, the output units and whether to generate 
daily, monthly and annual output. A summary output is always created.  
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To simulate the water balance of the chosen landfill design using the chosen 
weather data, the user can click the Execute Simulation button at the base of the 
form. The program will check to ensure that the chosen files exist and if no error is 
detected, the simulation will be executed. While the simulation is running a DOS 
window may appear. This window is the help3o.exe program running. It will stay 
open while help3o.exe is running and will close automatically after the program 
completes its calculations and prints the output file. The user will then be returned to 
the Main Menu, from where the newly created output file can be viewed by clicking 
View Results. The output file will be located in the directory specified by the user 
and can be opened at any time, without the use of the HELP interface.  
Figure 28: Sample output of the HELP model, showing a monthly summary output.  
Figure 28 shows a part of a generated output file. The output is a text file with 
the extension .OUT and can be opened with any text editor. The output file will 
always include a description of the input data and a summary output. The summary 
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output includes annual totals of precipitation, runoff evapotranspiration and water 
movement through the layers of the design, including leakage from the bottom layer. 
If any combination of annual, monthly or daily outputs are selected in the execute 
simulation window (Figure 27), then these will be included for each year in the 
output file. The user can exit the program by clicking the Exit Simulation button.  
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4.3 CONCLUSIONS: 
A new HELP graphical user interface specifically designed for use in 
Queensland, based on the logic of the original interface has been created. The new 
interface has been designed to run in modern 64-bit Windows computing 
environments and supplies input data to the weather generator (syngen.exe) and 
HELP model (help3o.exe).  
The new user interface represents a significant upgrade of the original 
interface, for multiple reasons. Primarily it is designed to natively function in modern 
Windows operating systems, while the old HELP interface only functions in 
Windows versions up to Windows XP, making it obsolete to any user with a modern 
PC. This makes the new interface far more accessible to many potential users. 
Furthermore, the new interface includes major improvements in terms of user-
friendliness and, overall, should lead to far easier and quicker landfill design process. 
The original DOS based interface is cumbersome to use, as it can only be operated 
with a keyboard commands, which is not natural to users accustomed to modern 
Windows based operating systems. The new interface is more intuitive to use and 
functions in a method similar to most modern windows programs. The created user 
interface is designated as shareware, meaning that it is available free of charge to any 
potential users. Other HELP interfaces exist (see Chapter 1), but these either have to 
be purchased or do not include data for Australia. Having a shareware version 
available is advantageous to researchers operating on a budget. 
The new interface follows the same logic as the original HELP interface in 
separating weather data and soils and design data into distinct subprograms. The new 
HELP interface successfully defines the input data files required for the weather 
generator (syngen.exe) and HELP mathematical model (help3o.exe). Australian soil 
and weather data are available for use in the new HELP model. The updated model 
can be used to generate synthetic weather data for twenty one Queensland locations. 
Australian soil data can be used for any landfill design created with the HELP 
interface.  
For the weather parameters the correct locations must be available for section 
and the data must be loaded into the program, so that synthetic weather generation 
can be carried out. For this purpose the new weather generator parameters have been 
loaded onto the tape2.new file. When a location is selected for weather generation 
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the program loads the parameters and formats them into a temporary file, used by the 
weather generator (syngen.exe). The Australian soil properties have been included in 
the Soil and Design subprogram and can be used for designing a landfill in HELP.  
The rebuilt HELP user interface ties together the underlying weather generator 
and mathematical component of the HELP model and the previously presented 
weather and soils data. The interface allows the user to select the new data and define 
the input for the weather generator and water balance simulation. Without an 
interface to define the input to the underlying mathematical components any newly 
created weather or soil data cannot be input into the HELP models mathematical 
components in a straight forward way.  
Aside from the new interface, the syngen.exe and help3o.exe executables have 
been recompiled to ensure that they will run smoothly in 64 Windows operating 
systems. The modifications made allow the HELP model to run in modern 
computing environments, while allowing the user to work with the new Australian 
weather and soil data when using the program.  
4.3.1 Further work: 
Though the new HELP interface is a major upgrade on the original DOS based 
interface further improvements can still be made. Primarily the design of the landfill 
could be improved by adding a visual representation of the layers in the design. This 
would make the design process straight forward and result in an easier to use model. 
The current version of the design window displays all relevant data. However, the 
Excel sheet-like appearance of the design window can be somewhat difficult to 
interpret if populated with data from multiple layers. A visual component displaying 
a two-dimensional representation of the relative thickness and slope of each layer in 
the design would help users better understand the design they are creating.  
Furthermore the simulation output could be improved in a similar manner. 
Currently the output file created by the HELP program is a text file that contains all 
the desired output information. Reading through and manually processing all this 
information can be time consuming for users, particularly, if daily data is created. An 
automated way to analyse the data and display graphs of precipitation, runoff and 
leakage would make analysis of results significantly easier. This function could be 
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termed a report creator and would produce readymade graphs that could be directly 
included in a report or presentation.  
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Chapter 5: Landfill Design Case Study 
5.1 INTRODUCTION 
The purpose of this case study is to demonstrate the applicability of the newly 
created HELP model and to test the outcomes of water balance modelling using the 
collected Queensland soil and weather data. This synthetic case study is based on the 
Samford Ecological Research Facility (SERF), located just outside of Brisbane, 
which is owned and managed by Queensland University of Technology. A small 
landfill is designed based on the theoretical needs of the surrounding population. The 
results of a small field study, the purpose of which was to determine the soil types 
present, are described. Taulis (2002) determined that the major factor in the potential 
of landfill to produce leachate, is variation in precipitation, while variations in 
temperature and solar radiation have a minor influence on leachate generation. It was 
previously discovered that the WGEN model has difficulty in reproducing an 
accurate number of days with heavy precipitation (precipitation > 51mm). To further 
understand the effect of precipitation amounts on leachate generation, a sensitivity 
analysis is conducted to determine the effect of heavy precipitation (storm) events on 
leachate generation rates.  
 
5.2 LANDFILL SIZING 
The goal of this case study is to synthetically design and evaluate a landfill 
under conditions representing the real world as closely as possible. Therefore an 
effort is made to base the design on as much real world information as possible. The 
size of the landfill is based on the needs and waste disposal habits of the Samford 
Valley population, over a twenty year period.  
In 2011/12 887 kg of waste were disposed to landfill per capita in Queensland. 
This represents 2.4 kg of waste per person per day sent for landfill disposal (Randell 
et al., 2014). This data will be assumed to be applicable to the Samford Valley. The 
population of the Samford Valley was 11,846 individuals in 2016. Data obtained 
from the Australian Bureau of Statistics population projection indicate that the 
population of Samford Valley will increase to 14,248 people by 2036 (Australian 
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Bureau of Statistics, 2015) The landfill is planned to have a twenty year operational 
life starting from 2016 – 2036.  
Table 29: Projected population of Samford valley from 2011 to 2036 
Year Population 
2016 11,846 
2021 12,072 
2026 12,587 
2031 13,486 
2036 14,248 
Mean 12,848 
 
To satisfy demand for waste disposal the landfill sizing is based on the average 
population of the Samford Valley from 2016 – 2036 (Table 29). Based on the 
population estimates presented in Table 27 the landfill will need to be sized to 
adequately handle the waste of 12,848 individuals.  
887kg x 12,848 individuals = 11,396,176 kg of waste per year 
Since this data already includes general estimates for construction and other 
industry wastes and no specific waste producing industrial activity could be 
discerned in the Samford Valley this waste generation is the only waste generation 
rate that will be calculated.  
5.2.1 Final Landfill Size 
11,396,176 𝑘𝑘
𝑦𝑦𝑎𝑦
 x 20 years x 1𝑚
3 𝑦𝑦𝑟𝑟𝑗𝑦
800𝑘𝑘
 x 1.5𝑚3
1𝑚3
 x 1
20 𝑚 𝑑𝑦𝑝𝑑ℎ x 2𝑚2 𝑝𝑦𝑝𝑖𝑦𝑝𝑑1𝑚2 𝑟𝑖𝑓𝑓  x 
1ℎ𝑎
10,000𝑚2 = 4.27 
 
To adequately provide landfill space for the population of Samford Valley over 
the next twenty years a landfill of 4.27 hectare size and 20 meter depth would be 
required. The surface area of the landfill was kept relatively small as the SERF 
property itself is relatively small and bordered by a stream on the north-western side 
and a road on the south-eastern side. The presence of a nearby stream indicates that 
both ground and surface water pollution, as well as groundwater intrusion into the 
landfill could be major issues at this site. However ultimately this case study is 
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intended as a synthetic exercise to demonstrate the functionality of the HELP model 
and some concessions to reality have to be made. Either the proposed design is 
deeper and penetrates into the aquifer or the surface area is larger and the landfill is 
located in closer proximity to the stream and is at greater risk of flooding. In this case 
a deeper landfill with smaller surface area has been chosen.  
 
5.3 INPUT DATA INTO THE LANDFILL DESIGN 
5.3.1 Weather data 
The WGEN model was used to generate the required daily precipitation, 
temperature and solar radiation data. The parameters calculated for Brisbane were 
used to generate the synthetic data, as the Samford Valley is located just outside 
Brisbane. However mean monthly precipitation and temperature data were obtained 
from a weather station in Samford (Table 30). These data were input into WGEN to 
calculate precipitation and temperature correction factors, which slightly modify the 
generated data. Data was obtained from Mt. Glorious Fahey Rd station (Station #: 
040308) (Bureau of Meteorology, 2014), which is located about 11.5 km north-west 
of the SERF site. This was the closest available station that had both temperature and 
precipitation data available. 
Table 30: Mt. Glorious Fahey Rd station monthly averages of precipitation and temperature 
 JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Mean Precipitation (mm)           
 237.5 249.6 212.9 125.1 122.6 84.7 76.9 57.0 55.9 114.5 122.8 168.5 
Mean Temperature (C°)           
 21.5 20.8 20.1 18.1 15.3 12.6 11.9 13.1 15.6 17.7 19.3 21.2 
 
Extreme weather  
As discussed in Chapter 2 the WGEN model underestimates the number of 
days with high precipitation. The WGEN model is essentially unable to reproduce 
extreme storm events. Though relatively rare the impact of extreme weather on the 
generation of leachate is important to investigate. The day with highest precipitation 
and the 5-day precipitation surrounding the day with the highest precipitation are 
compared in Table 31. The highest amount of precipitation found in the historic 
record for Brisbane occurred January 26, 1974, which corresponds to extreme 
flooding caused by Cyclone Wanda. The highest amount of precipitation found in the 
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synthetic data also occurred in January, during year 7, however the synthetic 
precipitation was far lower than the worst case scenario in the historical data. 
Table 31: Highest 5-day precipitation amounts from synthetic and historic data 
Historic Synthetic 
Day Precipitation (mm) Day Precipitation (mm) 
25 119.0 11 0.0 
26 307.4 12 0.6 
27 150.0 13 7.5 
28 41.0 14 0 
29 9.0 15 195 
Sum  626.4 Sum 203.1 
 
Table 31 shows the largest storm events present in the historic data for 
Brisbane and the synthetically generated data for this case study. The synthetic data 
shows a single day with extremely high precipitation, while preceding days have 
only low amounts of precipitation. The historic data showcases the kind of 
precipitation that might be expected of the most severe storm events. Days preceding 
and following the day with the most severe precipitation still have high amounts of 
precipitation, which is something the synthetic data was not able to replicate. The 
effect of severe storm events on leachate generation rates was estimated by splicing 
the historic data into the synthetic precipitation record and using this modified data to 
estimate the water balance of a landfill design in HELP. Since the precipitation data 
file generated by WGEN is a text file it was possible to insert the worst case scenario 
storm data manually. The data was added by replacing the values for the 25th to 29th 
January during year five in the synthetic precipitation data file, with the historical 
data. 
 
5.3.2 Soils data 
Soil sampling 
A small scale field study was undertaken at SERF to determine the 
hydrological properties of the soil types in the area. A mechanical soil rig was used 
to obtain three soil cores, which were then sent for laboratory analysis, at Boggo road 
EcoSciences precinct. Analyses were conducted to determine the particle size 
distribution and field capacity and wilting point of the samples. Field capacity and 
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wilting point were determined using pressure plate tanks, where field capacity 
corresponds to 1/3 bar pressure and wilting point to 15 bar pressure. The three soil 
samples were collected in close proximity to each other and are replicates. The 
porosity and saturated hydraulic conductivity were imported from the previously 
determined Australian soil classification, as shown in Table 24. 
Data analysis: 
After extracting the soil cores an initial field examination was conducted. The 
field examination was essentially limited to determining the soils horizons present 
and estimating the soil texture by hand. The three soil cores displayed similar 
morphology:  
0 – 0.30m Dark brown colour, sandy loam texture 
0.30 – 0.45m Light brown colour, fine sandy loam texture 
0.45 – 0.70m Dark brown colour, clay texture with gravel fragments 
Table 32: Results of particle size analysis for data collected from SERF 
Soil Depth (m) Sand (%) Silt (%) Clay (%) Classification 
Soil 1-1 0.00-0.25 79.5 10.4 10.1 Sandy Loam 
Soil 1-2 0.25-0.45 83.1 12.1 4.8 Loamy Sand 
Soil 1-3 0.45-0.65 45.6 6.3 48.1 Clay 
Soil 2-1 0.00-0.30 84.8 7.1 8.1 Loamy Sand 
Soil 2-3 0.45-0.77 61.0 3.7 35.3 Sandy Clay 
Soil 3-1 0.00-0.30 83.1 8.7 8.2 Loamy Sand 
Soil 3-3 0.40-0.70 49.0 5.4 45.6 Clay 
 
Table 32 shows the results of the particle size analysis and the texture 
classification of the soils, using the Australian textural classification. The analysis 
suggests that the horizon identified form 0 – 0.30 m and 0.30 – 0.45 meters in the 
soil columns consists of the same soil. During the field examination the two horizons 
were described as separate, mostly because of a difference in colour. The texture in 
the soil column was relatively consistent between 0 – 0.45 meters. The results in 
Table 32 show that there are two distinct soil horizons present, a Loamy Sand A 
horizon from 0 – 0.45 meters and a Clay horizon from 0.45 – 0.70 meters.  
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Hydrological Properties: 
The field capacity and wilting point were determined from the same samples as 
the particle size distribution. Field capacity was defined as suction of 1/3 bar, while 
wilting point was defined as suction at 15 bar.  
Table 33: Results of soil hydrological testing and average values for the A and B horizons 
Soil Depth (m) Classification 
Field 
Capacity 
(vol/vol) 
Wilting 
Point 
(vol/vol) 
Soil 1-1 0.00-0.25 Sandy Loam 0.112 0.071 
Soil 1-2 0.25-0.45 Loamy Sand 0.058 0.036 
Soil 1-3 0.45-0.65 Clay 0.280 0.196 
Soil 2-1 0.00-0.30 Loamy Sand 0.086 0.052 
Soil 2-3 0.45-0.77 Sandy Clay 0.232 0.167 
Soil 3-1 0.00-0.30 Loamy Sand 0.083 0.047 
Soil 3-3 0.40-0.70 Clay 0.308 0.213 
A Horizon 0.00-0.45 Loamy Sand 0.084 0.052 
B Horizon 0.45-0.70 Clay 0.273 0.192 
 
Table 34: Comparisons of the A and B horizons with collected Australian soil data 
Soil Classification 
Field 
Capacity 
(vol/vol) 
Wilting 
Point 
(vol/vol) 
Porosity 
(vol/vol) 
Ksat 
(mm/h) 
A Horizon Loamy Sand 0.084 0.052   
B Horizon Clay 0.273 0.192   
Australian 
Data 
Loamy Sand 0.18 0.07 0.38 22.67 
Australian 
Data 
Clay 0.37 0.25 0.45 4.58 
 
Porosity and saturated hydraulic conductivity could not be determined 
experimentally, as these tests were not available. Instead the porosity and saturated 
conductivity from the Loamy Sand and Clay texture classes, of the Australian 
textural classification were used. It is assumed that these values are roughly 
representative of the expect values for the sampled soils. Table 34 shows the 
hydrological values determined from the Australian data (chapter 3) and the values 
obtained from the SERF soil samples. The field capacity and wilting point are 
reasonably similar, so the porosity and saturated hydraulic conductivity of the 
Australian data can be assumed to be an appropriate estimation. More samples would 
be required to make a more accurate estimate of the hydrological properties of the 
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soils found in the SERF site and the data values used here may not be representative. 
However the field study conducted was intended to be small scale and provide only 
an idea of what soils might be present, not a complete characterisation of the soils 
present at SERF.  
 
5.3.3 Design of the landfill 
Queensland landfill siting and design guidelines do not provide any liner 
design suggestions. Design requirements for liner systems are simply stated as being 
to “industry standard” (Department of Environment and Heritage Protection, 2013). 
To aid in the design of liner system the Victorian siting, design operation and 
rehabilitation guidelines were consulted. Victorian guidelines are more specific and 
indicate a preferred liner design. The guidelines specifically state, that the goal of the 
best practice liner design should be to limit the amount of leachate seeping from the 
landfill to 10L/ha/day (EPA Victoria, 2010).  
 
Figure 29: Best practice landfill liner design recommended by Victorian guidelines (EPA Victoria, 
2010) 
A landfill design based on the liner and leachate collection system shown in 
Figure 29 and soil data obtained from SERF was created from HELP. The size of the 
landfill was determined by the landfill sizing calculations in section 5.2. For any 
remaining design requirements, such as the slope of drainage layers and thickness of 
barrier soil liners a landfill design textbook, “Design of Landfills and Integrated 
Solid Waste Management”, by Bagchi (2004) was consulted.  
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Table 35: Layers of the landfill design as required by HELP 
Layer No. Description Layer Type 
Thickness 
(cm) 
Soil 
Texture 
No. 
(HELP) 
Hydraulic 
Conductivity 
(mm/h) 
1 Topsoil 1 45   
2 Drainage Net 2 0.5 20  
3 Clay 3 70   
4 Solid Waste 1 2000 19  
5 Drainage Net 2 0.5 20  
6 Geomembrane 4 0.15 35  
7 Clay 3 120   
 
The landfill design employed for this case study (Table 35) employs a drainage 
net underline by a 70cm barrier soil liner made of clay, to control the infiltration of 
liquid into the landfill. The topsoil layer is taken from the data presented in Table 34 
and is intended to be representative of the topsoil found at SERF. To drain leachate 
from the base of the landfill the design employs a further drainage net. The drainage 
net is underlain by a composite liner composed of an HDPE geomembrane and 120 
cm of clay barrier soil. The hydrological properties for the drainage nets, 
geomembrane and solid were taken from the HELP default values. The clay used 
was ISSS classification Heavy Clay (see Chapter 3).  
 
5.4 RESULTS AND DISCUSSION 
The landfill design described in Table 33 was created in HELP and its water 
balance simulated. To examine the potential effects of an extreme storm event on 
leachate generation a major storm event was spliced into the synthetic data. 
Precipitation data from January 1974, taken from the historical data record for 
Brisbane was inserted into the precipitation data file used for water balance 
modelling with HELP (Table 29). 
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Table 36: Monthly HELP simulation output for January. All data in mm 
Year Precipitation Runoff 
Drainage 
from 
layer 2 
Leakage 
through 
layer 3 
Drainage 
from 
layer 5 
Leakage 
through 
layer 7 
1 83.9 0 1.795 25.497 25.659 0.002 
2 149.3 3.36 1.462 25.414 25.411 0.002 
3 123.2 0 1.604 26.394 41.095 0.002 
4 179.7 0 0.955 19.129 19.1 0.001 
5 966.9 434.08 62.766 245.088 81.546 0.005 
6 382.9 32.08 13.657 74.752 70.429 0.004 
7 382.5 69.38 19.456 90.705 83.908 0.005 
 
Table 37: Monthly HELP simulation output for February. All data in mm 
Year Precipitation Runoff 
Drainage 
from 
layer 2 
Leakage 
through 
layer 3 
Drainage 
from 
layer 5  
Leakage 
through 
layer 7 
1 173.1 0.74 1.643 20.408 18.715 0.001 
2 272.5 21.54 10.724 124.036 98.080 0.006 
3 262.8 0.41 10.329 64.35 44.295 0.003 
4 149.3 0 1.642 40.871 38.589 0.002 
5 137 0 4.484 39.825 199.018 0.011 
6 316.9 27.52 35.746 168.376 86.859 0.005 
7 187.1 0.08 10.048 55.365 58.943 0.004 
 
Tables 36 and 37 show the simulation output of the HELP model for the 
landfill design shown in Table 35. Precipitation data for a major storm event has 
been spliced into the precipitation data file during January of year 5. The majority of 
the precipitation from this artificially inserted storm event exited the landfill as 
runoff. However the storm event also caused a spike in both drainage from layer 2 
and leakage through layer 3. A corresponding minor increase in leakage from the 
base of the landfill can be observed following the storm event, during both January 
and February. However most of the additional liquid that has infiltrated into the 
landfill was removed as drainage, from layer 5.  
5.4.1 Discussion 
The landfill design examined during this case study has been shown to be an 
environmentally safe design with low potential to discharge leachate. The design was 
based on the theoretical needs of the population of Samford.  
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Comparisons between the most significant storm events in the historic and 
synthetic data (Table 29) show that the synthetic data is unable to properly replicate 
the magnitude and duration of an extreme weather event.  
Results of water balance modelling with HELP (Table 34 and 35) indicate that 
an extreme storm event, such as this causes a significant increase of infiltration into 
the waste layer. Even though for this particular design no significant increase 
leachate leakage out of the landfill was detected, that may not apply to all designs. 
The geomembrane used in this design was assumed to be functioning well. A pinhole 
density of 2 per hectare and installation defect density of 5 were used to describe the 
condition of the geomembrane in HELP. These values were based recommendations 
by Schroeder, Lloyd, et al. (1994) and are indicated as being representative of a 
geomembrane in good conditions that was installed properly. The liner system used 
for this design effectively stops the leakage of leachate into the surrounding 
environment. However this may not be that case poorly installed or damaged 
geomembranes or older landfills, where the liner system may no longer be 
functioning as well.  
In conclusion the sudden increase in infiltration into the profile of the landfill 
caused by the examined extreme storm event, has the potential to result in an 
increased production of leachate. Containment of leachate in such cases depends on 
the condition and quality of the liner and drainage system at the base of the landfill. 
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Chapter 6: Final Discussion 
6.1 FINAL DISCUSSION 
Landfills have the potential to generate leachate which can pollute ground and 
surface waters. In a water scarce region, such as Australia it is especially important 
to protect sources of fresh water. To design effective and safe landfills that can 
prevent the seepage of leachate into the surrounding environment, tools that can 
evaluate and compare different designs are required. The usual approach in 
evaluating the capacity of a landfill produce leachate is to determine the water 
balance of that design. The Hydrologic Evaluation of Landfill Design (HELP) model 
is the most widely used tool to evaluate the water balance of landfill designs. As 
inputs the HELP model requires daily weather data (precipitation, temperature and 
solar radiation), soil data (porosity, field capacity, wilting point and saturated 
hydraulic conductivity) and landfill design data. Of the required data, the weather 
data and soil data are strongly location dependent. The original HELP model was 
designed based on U.S. requirements and only provides data tailored to U.S. 
conditions. However using U.S. data in locations outside the U.S. subjects the results 
of modelling to high degree of speculation. To ensure a high quality modelling 
outcome data representative of the local weather and soil conditions are required.  
The aim of this project was to adapt the HELP model to Queensland, by 
including representative soil and weather data in a new user interface. To generate 
daily weather data the HELP model includes the WGEN synthetic weather generator. 
To adapt the HELP model to Queensland weather conditions new parameters for the 
WGEN weather generator were calculated for twenty one locations. To adapt the 
HELP model to Queensland soil conditions, soil hydrological data was collected 
from the literature and sorted by soil texture classes. Representative values for 
porosity, field capacity, wilting point and saturated hydraulic conductivity were then 
calculated for each texture class from the available data.  
The WGEN parameters required to generate synthetic daily precipitation, 
temperature and solar radiation data were calculated from the historic data, obtained 
from the Bureau of Meteorology. The issue given the most importance during the 
generation of new weather parameters was the collection of a long enough weather 
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record of high enough quality for all the locations. Richardson and Wright (1984) 
state that at least twenty years of daily precipitation data and at least ten years of 
daily temperature and solar radiation data are required to calculate representative 
parameters.  For the purpose of this research it was not an issue to obtain a weather 
record exceeding the minimum recommended length. The primary issue with the 
climate data used were gaps in the record. The parameter calculation routine requires 
a value for each day. For larger gaps in the record, data was imported from nearby 
weather stations, if possible. If data could not be imported or the gap in the record 
was short, then data was generated, using the procedure described in Appendix A. 
Overall the historic record used to calculate the parameters displayed a high degree 
of completeness, leading to a high degree of confidence in the generated parameters 
(Table 7). Table 9 and Table 15 compare the synthetic data with historic data and 
show that the weather parameters can reproduce the original data adequately. These 
analyses also revealed that the WGEN weather generator underestimates the number 
of days with precipitation above 51mm. This shortcoming of the weather generator is 
due to the way precipitation data are generated. The model can represent mean 
precipitation amounts extraordinarily well, but sacrifices the generation of extreme 
precipitation events. Synthetic temperature and solar radiation data closely resembled 
the historic data.  
The most commonly used soil classification system used in Australia is the 
Australian soil classification system (Isbell, 2002) which, was not appropriate for the 
required purpose of determining soil hydrological properties.. A texture classification 
specifically designed for Australia, the Australian textural classification system was 
used for this project. The primary difficulty in generating representative hydrological 
values was the lack of available data. Hydrological data is not commonly collected 
during soil surveys conducted in Australia, as this kind of data can be expensive and 
time consuming to obtain. Ultimately enough data could be obtained to produce 
representative values for most Australian texture classes, as sorted using two separate 
textural classification systems, the Australian texture classification and the ISSS 
texture classification.  
To enable the use of the newly collected data, a new HELP graphical user 
interface (GUI) was designed. The original HELP GUI is obsolete and won’t run in 
modern computing environments. The new GUI is based on the logic of the original 
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HELP program and performs most of the same features. Design of the new GUI was 
straight forward and has resulted in a user friendly version, which runs smoothly in 
modern 64-bit Windows computing environments. The new GUI was coded in the 
Visual Basic 11 programming language using Visual Studio 2012.  
To summarize, three major modifications have been made to the HELP model. 
New weather generator parameters, which include new A and B matrices not 
included in any other available Queensland WGEN parameters have been calculated. 
Furthermore a list of soil hydrological properties grouped by texture class has been 
created for Australian soils. The final major improvement was to produce a user 
friendly interface that can run in modern Windows based computing environments..  
6.1.1 Comparison with other versions of HELP 
Other versions of the HELP model aside from the original HELP 3.07 are 
available. A German adaptation, which presents German soil and weather data were 
created by Berger (2000). A Chilean version, primarily focused around adapting the 
WGEN weather generator was created by Taulis (2002). A commercial version of the 
HELP model, Visual HELP, is also available.  
The Queensland based version of the HELP model is set apart from other 
available versions of the HELP model, by the carefully determined and evaluated 
Queensland specific data that are presented in this thesis. While other versions of the 
HELP model are available no version specifically adapted to Queensland has been 
produced previously. The Queensland version of the HELP model extends upon the 
previously available German and Chilean versions, by further enabling the use of the 
HELP model using Queensland data.  
Visual HELP provides some weather generator parameters for locations in 
Queensland. However the WGEN parameters provided by this research have been 
carefully calculated and tested, for twenty one locations spread through multiple 
climatic zones. The WGEN parameters presented in this research also include new A 
and B matrices, leading to an improvement in weather generation. Furthermore the 
Queensland version of the HELP model will be made available as shareware, 
meaning the generated WGEN parameters will be available for use by other 
researchers or stakeholders at no cost. The parameters included with Visual HELP 
are effectively pay walled and only available to those who are willing to purchase the 
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program. Furthermore no other version of the HELP model has previously included 
Australian soil hydrological data.  
6.1.2 Recommendations for Further Research 
While a fully adapted and functional Queensland version of the HELP model 
has been developed during the course of this research, there is still room for 
improvement. To increase the usability of the HELP model throughout Australia, 
WGEN parameters could be calculated for more locations. The currently available 
parameters have been calculated specifically for Queensland and may not be 
appropriate for other locations in Australia.  
It was also discovered that the WGEN weather generator has difficulty 
reproducing enough high precipitation events, in subtropical climates. This is an 
issue that warrants further investigation. Potential options to overcome this are to 
make changes to the weather generation procedure in WGEN, such as adding a 
further parameter to the Markov chain used in deciding wet or dry status of a day. 
Alternatively a more modern weather generator, which does not have this 
shortcoming, could be employed. More research needs to be undertaken to see if it is 
possible to modify the WGEN model and still obtain reasonable results or if a 
different weather generator exists that can meet the requirements of the HELP model.  
During the analysis of weather parameters it was discovered that newly 
generated B matrix is significantly different to the U.S. B matrix. This indicates a 
underlying difference in how temperature and solar radiation are correlated between 
Australia and the U.S. This merits further investigation, which could include 
comparisons with matrices calculated from Chilean data.  
In determining accurate soil hydrological properties, the major limiting factor 
was the limited availability of hydrological data. Furthermore available hydrological 
data were difficult to find and had to be tracked down from various individual 
sources. The only way to address the shortage of soil hydrological data is the 
collection of further data. 
Even though a user friendly and functional user interface was created, 
improvements could still be made. While the new GUI is very user friendly, the 
results are still presented in the same manner as in the original HELP. The results file 
is essentially a text file containing all the required outputs. This can be very 
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cumbersome to interpret, especially for longer simulations. A logical upgrade to the 
HELP model would an automated way of analysing the results and producing graphs 
of runoff, lateral drainage and leakage.  
In the long term a full scale HELP validation study under Australian conditions 
could lead to improvements in the model. This would require precise measurements 
of liquid movement through the landfill for a number of years. The measurements 
could then be compared to outputs of the HELP model. This data could be used to 
make improvements to the calculation routine and ensure the best possible modelling 
outcome. 
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Chapter 7: Conclusions 
The goal of the research presented in this thesis was to adapt the HELP model 
so that it can be used to adequately simulate the water balance of solid waste landfills 
in Queensland. The HELP model has been effectively adapted for Queensland 
climates and soils, by generating new WGEN parameters, collecting and extracting 
representative hydrological values for Australian soils and creating a new graphical 
user interface, from which the new data can be selected and used with the HELP 
model. The model and associated data have been tested in landfill design case study. 
The principle conclusions drawn from this study are: 
• New weather generation parameters have been calculated for twenty one 
locations in Queensland, spread through the majority of climatic zones. 
The parameters can be used to create synthetic data with the same 
statistical properties as the historical record for those locations. 
The carefully calculated parameters allow for the use of the WGEN weather 
generator in Queensland. Analysis of the parameters showed them to be generally 
satisfactory in reproducing weather data, however it was also discovered that the 
number of days with heavy precipitation (precipitation > 51mm) tend to be 
underestimated in the subtropical climatic zones. The primary practical implication 
of the new weather parameters is that users of HELP in Australia no longer have to 
rely on U.S. weather parameters, which might produce inaccurate results, for 
synthetic data generation with WGEN. As the generated parameters have been 
associated with corresponding climatic zones they could also be useful for users of 
HELP in other countries, with similar climates. For example the parameters for 
Cairns and Cooktown fall into the tropical classification. These kinds of parameters 
would not have been available with the original U.S. data and will allow users in 
tropical locations to use parameters that have at least been generated from a dataset 
from a similar climatic region.  
• New A and B matrices for use with the temperature and solar radiation 
generation procedure have been generated.  
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As part of the climate parameter generation new A and B matrices have been 
generated. In particular the B matrix for U.S. data was significantly different to the B 
matrix for the Queensland data. The matrixes are calculated from the correlation 
coefficients for maximum temperature, minimum temperature and solar radiation and 
these were found to be different for U.S. and Queensland data. Ultimately this is a 
reflection of the different climates in Queensland and the U.S. The new matrices 
ensure that the weather generation procedure is as accurate as possible.  
• A shortcoming of the WGEN weather generator was identified. WGEN 
was unable to adequately reproduce extreme storm events. The 
potential of extreme storm events to produce a spike in leachate leakage 
was also identified. 
The potential of extreme storm events, based on data from Cyclone Wanda in 
1974, to produce a spike in leachate was demonstrated. The WGEN weather 
generator was not able to adequately reproduce these kinds of intense precipitation 
events. This has implications in particular for new or legacy landfills located in the 
subtropical climate classification, which spans most of the east coast of Queensland. 
Analysis using the HELP model indicates that extreme storm events have the 
potential to produce a spike in leachate. This is amplified when considering legacy 
landfills that may have older and less effective liners. If using synthetic data 
generated with WGEN, to assess new landfill designs or legacy landfills it is 
important to consider that the synthetic data may not include extreme storm events. 
However these findings are based on only one synthetic case study and more 
research is required to verify these findings. 
• Representative values for porosity, field capacity and wilting point were 
extracted from collected Australian soil data. 
Australian soil hydrological data has been included in the Queensland version 
of the HELP model. Required hydrological values have been determined for the 
texture classes of the Australian and ISSS textural classifications. The Australian 
soils data can be selected by the user from the new HELP interface and incorporated 
into landfill designs. Using the locally determined data ensures a high accuracy of 
modelling outcomes. The practical outcome of the new soil parameters is that end 
users in Australia no longer have to rely on using the USDA soils classification and 
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associated data. As discussed in Chapter 3 the USDA classification is not appropriate 
to use with Australian soils data as the particle size limits used with that 
classification are different than the particle size limits commonly used in Australia. 
The newly generated soil hydrological data could be beneficial outside HELP, as this 
data could be used by researchers in other soils or agriculture related fields. While 
the newly generated parameters are useful, it is important to emphasize that more 
data is required for many of the soil classes, to ensure the complete accuracy of the 
parameters.  
• A modern graphical user interface for the HELP model has been designed 
and tested 
The new user interface is designed to function in modern 64-bit Windows 
based computing environments. The user interface ties together the new weather 
parameters and soil hydrological data, by making the data available for selection and 
directing their input to the HELP computational model. The new user interface is 
significantly more user friendly than the original HELP interface. Testing of the new 
HELP model (Chapter 5) demonstrates the functionality of the user interface. Having 
a freeware modern HELP interface is a key point in ensuring accessibility of the 
program and associated data to potential users 
• A new shareware tool that can be used to meet the regulatory 
requirement for water balance modelling in landfill design and 
assessment has been made publicly available 
The primary practical outcome of this research is the availability of a 
shareware version of the HELP model that can be used by stakeholders in 
Queensland. This tool could be employed as part of the landfill design approval 
process, which requires water balance modelling to assess the suitability of a given 
landfill design. Additionally the HELP model could also be useful in the assessment 
of legacy landfills.  
This project has been built upon the framework of the original HELP model, 
while adding to the available body of knowledge by creating new data to be used 
with the HELP model. The primary outcome of the research presented in this thesis 
is the new HELP model computer program, which contains all the weather 
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parameters and soil data obtained during this research and will be made available as 
a shareware tool.  
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Appendices 
Appendix A  
Precipitation, Temperature and Solar Radiation Data Correction 
Pre-processing of the Data 
The raw weather data downloaded from the Bureau of Meteorology was pre-
processed before any climate parameters were calculated from the data. First all 
instances of February 29 were deleted from the record, as the parameter generation 
routine (described in Chapter 2) relies on having 365 days per year only. The data 
was then analysed for missing values, as the parameter generation routine requires a 
value to present for each day for precipitation, temperature and solar radiation. The 
missing values therefore had to be replaced in some way. In some cases it was 
possible to import data from nearby stations, but in most cases data had to be 
invented to fill in the blanks.  
Precipitation 
A filter program was used to aid in identifying and replacing missing 
precipitation data. The program flagged any days with missing data and produced a 
text file showing the date of the missing values. From there two options in replacing 
the missing values were pursued.  
First any large blocks of missing days (>1 month) were identified, and if 
possible data from a nearby station was imported to fill the gap. Since the weather 
parameter generation routine calculates parameters for precipitation on a monthly 
basis, it was important to fill in any large gaps with the most accurate data. Importing 
data from another station was not always possible, as sometimes there was no station 
close enough to exhibit similar enough weather to warrant importing its precipitation 
data, or close by stations had similar gaps in the data. Curiously many of the stations 
used to obtain data for this project were missing precipitation data from almost all of 
September 1994.  
If data could not be imported from another station or if the gap in the record 
was relatively short (<2 weeks) then data was invented to cover the gaps. A program 
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was written in Visual Basic 11 to invent data to fill the gaps. The program first 
determines the wet or dry status of the day. If the result is a dry status on that day 
then the value for precipitation is set to zero. If the day is determined to be wet then a 
further algorithm is used to produce a semi- randomised value of precipitation for 
that day.  
Prior to creating any value the wet or dry status of the day has to be decided. 
The following visual basic function was used to determine the wet or dry status of 
any day with missing precipitation data. The function takes into account whether the 
month the missing data falls into was more likely to be dry by taking the ratio of wet 
days over dry days in that month into account. If the month in question was 
particularly wet then the chance of the day being a wet was slightly higher. 
 
    Public Function inventWetOrDry(Day As Integer) As Single 
 'Function decides randomly if missing day will be wet or dry 
        Call WetProbability(Day) 
 
        Dim wetordry As Single 
 
        'Decide whether the day will be wet or dry randomly. 
        wetordry = Rnd()        ' 0 < wetordry < 1 
 
'probfactor changes depending on the ratio of wet to dry days      
'(probfactor = 0.4, 0.5 or 0.6) 
        If wetordry <= probFactor Then 'dry day 
            dayresult = 0 
        Else ' wet day 
            dayresult = inventWetDay(Day) 'Calls inventWetDay function 
        End If 
 
        Return dayresult 'Returns invented value 
 
    End Function 
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The text in green font with a “ ’ ” in front are comments in the code.  
 
If the status of a day with missing values is wet then the inventWetDay 
function is called to invent a precipitation amount for that day. The precipitation 
amount is calculated by using the average amount of rain of all wet days for the 
month the day falls in for all years available and multiplying it by a randomised 
factor that can result in either an increase or a decrease in the final value.  
For a list of values modified using the previously described techniques, refer to 
Appendix C. 
 
 
 
Public Function inventWetDay(k As Integer) 
'Function calculates a precipitation amount to fill in missing       
'values for a day that has been decided to be wet  
        Dim i, j As Integer 
        Dim sumPrec As Single 
        Dim avg, incOrDec As Single 
   
        j = 0 
        sumPrec = 0 
 
        For i = 1 To totNumDaysRain 
            If dataPrec(i) > 0 And mmPrec(i) = mmPrec(k) Then 
  'dataPrec(i) is the precipitation amount on day i 
  'mmPrec(k) is the month to which day i belongs 
                j = j + 1 
                sumPrec = sumPrec + dataPrec(i) 
  'sumPrec is the sum of precipitation for month k in all years 
  'j is the number of wet days 
            End If 
        Next i 
 
        If j = 0 Then 
            avg = 10 
        Else 
            avg = sumPrec / j 
        End If 
'avg is the average precipitation amount for a rainy day in  
'month k 
 
        incOrDec = Rnd() 
        inventWetDay = avg * (incOrDec + 0.5)  
'avg is used as an order of magnitude. The invented value for 
'inventWetDay can increase or decrease depending on the 
'randomly created value of incOrDec 
 
    End Function 
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Temperature and Solar Radiation 
Missing values for temperature and solar radiation were estimated by 
interpolation. The average of five days previous to the missing value and five days 
following the missing value were used to approximate the missing value, xi. A visual 
inspection was also carried out to identify any suspicious values 
𝐴 =  ∑ 𝑥𝑖−𝑖5𝑖=15  
𝐵 =  ∑ 𝑥𝑖+𝑖5𝑖=15  
𝑥𝑖 = 𝐴 + 𝐵2  
For a list of values modified using the previously described technique, refer to 
Appendices D & E. 
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Appendix B 
Summary of HELP Method of Solution 
 
The HELP model calculates the movement of water into, through and out of a 
landfill. The modelled processes can be divided into two categories: surface process 
and subsurface processes. Surface processes considered are snowmelt, interception of 
rainfall by vegetation, surface runoff and evaporation of surface water. The 
considered subsurface processes are soil water evaporation, plant transpiration, 
vertical drainage, liner leakage and lateral drainage.  
The water balance accounting in HELP occurs from top to bottom and is 
calculated on daily time step. The surface processes are considered first and a surface 
water balance is calculated. Any surface water remaining after the conclusion of this 
step is considered to infiltrate into the landfill. 
The infiltration of water into the landfill on any day then therefore consists of 
all rain that falls on that day, or any snowmelt that occurs on that day, minus the sum 
of runoff, surface storage and surface evaporation. Any computed infiltration that 
exceeds the soils water storage capacity and drainage capacity is routed back to the 
surface.  
Once water has infiltrated into the landfill, subsurface processes are 
considered, starting with soil water evaporation and plant transpiration, collectively 
described as evapotranspiration. Further subsurface processes are then modelled one 
segment at a time. The water balance for each segment is determined, based on those 
segments properties, water storage capacity, infiltration from above and any 
subsurface inflow or leachate recirculation. Any vertical drainage is routed 
downwards to the next segment. If a liner is present then the leakage through the 
liner is calculated. If a drainage layer is present above a liner, then the lateral 
drainage will be calculated  
Since the HELP model was originally developed in in the United States it 
utilizes U.S. customary units for the calculation routine (i.e. inches instead if mm). If 
metric units are selected as the desired output, then the model will convert results 
from customary to metric units, after calculations have been performed.  
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The HELP model also accounts for water storage on the surface as snow and 
increased runoff for frozen soil, if the temperature is below freezing. This is not 
discussed here though as Queensland temperatures very rarely fall the below freezing 
point and this part of the model is largely irrelevant for Queensland conditions.  
The water balance in HELP is calculated largely on a daily basis. The 
following sections will describe the calculations that are used to determine the water 
balance of a given landfill during a one day time step, referred to as day i.  
This description is heavily based on the HELP model engineering 
documentation (Schroeder, Dozier, et al., 1994). This Appendix is intended as a short 
summary of the method of solution described in the engineering documentation. It is 
intended as a quick reference guide to provide an overview of the mathematical 
methods employed by HELP to calculate the water balance of a given landfill design. 
Not all equations used by HELP are provided here. For a full and detailed description 
of the HELP method of solution please refer to the HELP engineering 
documentation. 
Commonly used notations: 
𝑃𝑃𝑃𝑖 = Precipitation on day i 
𝐼𝐼𝑇𝑖 = Interception on day i 
𝑄𝑖 = Runoff on day i 
𝑆𝑀 = Soil Moisture 
𝑊𝑃 = Wilting Point 
𝐹𝐶 = Field Capacity 
𝑈𝐿 = Upper limit, the maximum amount of liquid a soil can hold  𝑇𝑝𝑖 = Mean air temperature on day i, C 
𝑃𝑝𝑖 = Potential evapotranspiration on day i, inches 
𝑃𝑇𝑆𝑝𝑖  = The potential evapotranspiration of soil water 
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Runoff and Infiltration: 
Runoff is one of the first processes modelled by HELP, when accounting for 
the daily water balance. Runoff is modelled based on the SCS curve number method 
(USDA & SCS, 1985a). The Rainfall-Runoff relationship is described by  
Equation 1 
𝑄 =  (𝑃 − 0.2 𝑆)2(𝑃 + 0.8 𝑆)  
Where: 
𝑄 = Actual runoff 
𝑃 = Maximum potential runoff (actual rainfall) 
𝑆 = Maximum potential retention after runoff starts (retention parameter) 
 
The Parameter P is assumed to be equal to the total amount of precipitation on 
day i, whereas the retention parameter S, has to be calculated. To do this the 
retention parameter S is converted into a curve number, CN. The relationship 
between CN and S is 
Equation 2 
𝐶𝐼 = 1000
𝑆 + 10 
The curve number required by HELP is referred to as the AMC-II curve 
number and is denoted CNII. CNII is calculated by HELP based on the specified soil 
type and Vegetation. The CNII is calculated based on constants that have been 
determined for the vegetation and soil type.  
Equation 3 
𝐶𝐼𝐼𝐼0 = 𝐶0 + 𝐶1 ∗ 𝐼𝑃 = 𝐶2 ∗ 𝐼𝑃2 
Where: 
𝐶𝐼𝐼𝐼0 = AMC-II curve number, unadjusted for slope 
𝐶0−2 = Regression constants for given level of vegetation 
𝐼𝑃 = Infiltration parameter for given soil type 
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The AMC-II Curve number is also adjusted for slope, reflecting the effect 
slope has on runoff rates. 
Equation 4 
𝐶𝐼𝐼𝐼 = 100 − �100−𝐶𝐼𝐼𝐼0�  × �𝐿∗2𝑆∗ �𝐶𝐶𝐼𝐼0−0.81 
Where:  
𝐿∗ = Standardized dimensionless length (L/500 ft) 
𝑆∗ = Standardized dimensionless slope (S/0.04) 
The slope adjusted CNII is then used to determine the AMC-I curve number, 
CNI. 
𝐶𝐼𝐼 = 3.751 ∗ 10−1𝐶𝐼𝐼𝐼 + 2.757 ∗ 10−3𝐶𝐼𝐼𝐼2 − 1.639 ∗ 10−5𝐶𝐼𝐼𝐼3 + 5.143
∗ 10−7𝐶𝐼𝐼𝐼4 
 
Once the CNI has been determined it can be related back to the retention 
parameter S and the amount of runoff is determined. The CNI is related to the 
maximum retention parameter, Smx, the largest possible value for S, as follows  
Equation 5 
𝑆𝑚𝑥 =  1000𝐶𝐼𝐼 − 10 
 
The retention parameter is then adjusted for soil moisture. An already saturated 
soil can take up less water and therefore the value of the retention parameter is 
decreased for soils with high moisture content. 
Equation 6 
𝑆 = �𝑆𝑚𝑥 �1 − 𝑆𝑀 − [(𝐹𝐶 + 𝑊𝑃)/2]𝑈𝐿 − [(𝐹𝐶 + 𝑊𝑃)/2]�  𝑓𝑣𝑟 𝑆𝑀 > (𝐹𝐶 + 𝑊𝑃)/2
𝑆𝑚𝑥                                                        𝑓𝑣𝑟 𝑆𝑀 ≤ (𝐹𝐶 + 𝑊𝑃)/2 
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Finally the calculated value for the retention parameter S is plugged back into 
the equation 1. The value for P is taken to be equal the amount of rainfall on that day. 
The runoff, Q, can then be determined. 
 
Evapotranspiration: 
Evapotranspiration in HELP is calculated based on the concept of potential 
evapotranspiration. The potential evapotranspiration is the maximum evaporation 
rate possible from a plot of land, for a given day, through surface and soil 
evaporation as well as plant transpiration. First the potential evapotranspiration is 
calculated, and then the individual actual rates of evaporation and transpiration are 
determined, based on the available energy. The energy available for 
evapotranspiration is calculated based on a modified Penman (1963) approach.  
Equation 7 
𝐿𝑃𝑖 = 𝑃𝑃𝐼𝑃𝑖 + 𝑃𝑃𝐼𝐴𝑖 
Where 
𝐿𝑃𝑖 = Energy available on day i for potential evapotranspiration 
𝑃𝑃𝐼𝑃𝑖 = radiative component of Penman equation on day i 
𝑃𝑃𝐼𝐴𝑖 = aerodynamic component of Penman equation on day i 
The radiative component represents energy available due to solar radiation 
Equation 8 
𝑃𝑃𝐼𝑃𝑖 = ∆𝑖∆𝑖 + 𝛾 𝑃𝑛𝑖 
The aerodynamic component represents the effect of humidity and wind. 
Equation 9 
𝑃𝑃𝐼𝐴𝑖 = 15.36 𝛾∆𝑖 + 𝛾 (1 + 0.1488𝑢)�𝑒𝑝𝑖𝑒𝑎𝑖� 
Where: 
𝑃𝑛𝑖  = net surface radiation on day i, in langleys. 
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∆𝑖 = slope of the saturation vapour pressure curve at mean air temperature of 
day i 
 
The two components of the available energy are calculated using the daily 
inputs of solar radiation, temperature, the average annual wind speed and quarterly 
average humidity and latitude of the site. The potential energy available can then be 
used to determine the amount of evapotranspiration possible. Through surface, soil 
and plant evaporation and transpiration are considered separately, the energy 
available to all processes is calculated together. The potential evapotranspiration is 
calculated from the available energy, by dividing by the latent heat of vaporization.  
Equation 10 
𝑃𝑝𝑖 = 𝐿𝑃𝑖25.4 𝐿𝑣 
𝐿𝑣 = 59.7 − 0.0564 𝑇𝑝𝑖   (𝑤𝑎𝑡𝑒𝑟) 
Where: 
𝑃𝑝𝑖 = Potential evapotranspiration on day i, inches 
𝐿𝑣 = Latent heat of vaporization, langleys per millimetre  𝑇𝑝𝑖 = Mean air temperature on day i, C 
 
Surface Evaporation: 
Evapotranspiration is calculated in three separate steps, evaporation of surface 
water, evaporation from the soil and plant transpiration. HELP first considers the 
evaporation from the surface of the landfill. This can include ponded water on the 
surface or rainfall intercepted by vegetation.   
Equation 11 
𝑃𝑆𝑆𝑖 = �𝑃𝑝𝑖                                           𝑓𝑣𝑟 𝑃𝑝𝑖  ≤ 𝐼𝐼𝑇𝑖 + 𝑃𝑊𝑖(1 − 𝑃𝑃𝐹)𝐼𝐼𝑇𝑖 + 𝑃𝑊𝑖(1 − 𝑃𝑃𝐹)       𝑓𝑣𝑟 𝑃𝑝𝑖 >  𝐼𝐼𝑇𝑖 + 𝑃𝑊𝑖(1 − 𝑃𝑃𝐹) 
Where: 
𝑃𝑆𝑆𝑖  = evaporation of surface moisture, inches 
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𝑃𝑊𝑖  = ponded water on surface, which is unable to runoff and in excess of 
infiltration capacity 
𝐼𝐼𝑇𝑖 = Interception of rainfall by vegetation on day, i, inches 
𝑃𝑃𝐹 = fraction of surface area where runoff is possible 
 
Potential evapotranspiration is applied to the calculated interception and 
ponded surface water. The remaining evaporative demand is then calculated and 
applied to subsurface evapotranspiration. Next Infiltration into the soil layer is 
calculated. Infiltration is the sum of rainfall minus the sum of interception, 
evaporation and runoff. This means any water remaining after the surface water 
balance has been concluded is considered to infiltrate into the landfill.  
Equation 12 
𝐼𝐼𝐹𝑖 = 𝑃𝑃𝑃𝑖 − 𝐼𝐼𝑇𝑖 − 𝑄𝑖 
Where: 
𝐼𝐼𝐹𝑖 = Infiltration on day i, in inches.  
 
Two subsurface processes that remove water from the soil are modelled next. 
These are evaporation from the soil and plant transpiration. But first the energy 
available for these processes needs to be determined. The remaining available energy 
for subsurface evaporation is determined, by subtracting the energy used for surface 
evaporation from the total amount of energy available.  
Equation 13 
𝐿𝑃𝑗𝑖 = 𝐿𝑃𝑖 − 25.4 𝐿𝑣 𝑃𝑆𝑆𝑖 
 
Then the potential evapotranspiration from the soil column is determined from the 
remaining energy. 
Equation 14 
𝑃𝑇𝑆𝑝𝑖 = 𝐿𝑃𝑗𝑖25.4 𝐿𝑣 
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Where 
𝐿𝑃𝑗𝑖  = Available energy for potential evapotranspiration from the soil 
𝑃𝑇𝑆𝑝𝑖  = The potential evapotranspiration of soil water 
 
Potential soil water evaporation 
Evapotranspiration from the soil is first calculated as potential 
evapotranspiration, which determines the maximum rate of evapotranspiration, based 
on the available energy, but does not consider limiting factors, such as available soil 
water. Potential soil water evaporation is calculated, if there is any remaining 
evaporative demand. Soil water evaporation is applied first, and then plant 
transpiration. The potential soil evaporation is calculated as follows 
Equation 15 
𝑃𝑆𝑝𝑖 = �𝑃𝑃𝐼𝑃𝑖 + 𝐾𝐸𝑖𝑃𝑃𝐼𝐴𝑖�𝑒(−0.000029𝐶𝐶𝑖)25.4�59.7 − 0.0564𝑇𝑝𝑖�  
Where: 
𝑃𝑆𝑝𝑖 = potential evaporation of soil water on day i, in inches 
𝐶𝑉𝑖 = above ground biomass on day i, kg/ha 
𝐾𝐸𝑖  = fraction of aerodynamic component contributing to evaporation of soil 
water.  
The evaporation of soil water actually occurs in two stages. During stage 1 the 
evaporation is only limited by the available energy, while during stage 2 the 
evaporation is limited by the rate at which water can be transmitted upwards through 
the soil.  
 
Potential Plant transpiration: 
The potential plant transpiration demand is calculated based on the potential 
evapotranspiration, while considering the Leaf Area Index (LAI) of the site. The LAI 
is a dimensionless quantity used to characterize the leaf area per surface area.  
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Equation 16 
𝑃𝑃𝑝𝑖 = 𝐿𝐴𝐼𝑖3 𝑃𝑝𝑖 
Where: 
𝑃𝑃𝑝𝑖 = Potential plant transpiration demand on day i 
 
Actual plant transpiration demand equals the potential transpiration demand, 
unless the soil water evaporative demand and potential plant transpiration demand 
exceed the potential evaporative demand. The potential evaporative demand is the 
remaining available energy available for subsurface evapotranspiration. 
Equation 17 
𝑃𝑃𝐸𝑖 �
𝑃𝑃𝑝𝑖                        𝑓𝑣𝑟 𝑃𝑃𝑝𝑖 + 𝑃𝑆𝑖 ≤ 𝑃𝑇𝑆𝑝𝑖
𝑃𝑇𝑆𝑝𝑖 − 𝑃𝑆𝑖          𝑓𝑣𝑟 𝑃𝑃𝑝𝑖 + 𝑃𝑆𝑖 > 𝑃𝑇𝑆𝑝𝑖 
Where: 
𝑃𝑃𝐸𝑖 = Actual plant transpiration demand on day i 
 
Actual Evapotranspiration: 
The sum of actual soil water evaporation and plant transpiration is limited by 
the available soil water and therefore the actual evapotranspiration can be less than 
the previously calculated potential evapotranspiration.To calculate actual soil water 
evapotranspiration the soil layer is divided into seven segments and the evaporative 
demand is applied from the surface down. The actual soil water evaporation from a 
segment is equal to the demand, plus any excess demand, but cannot be greater than 
the available water. Available water is characterized as soil water above the wilting 
point. If the evaporative demand is greater than the available water storage, then the 
remaining evaporative demand is applied to the next segment. Actual 
evapotranspiration occurs up to the user specified evaporative zone depth. 
Equation 18 
𝑃𝑆𝑖(𝑗) �𝑃𝑆𝐸𝑖(𝑗) + 𝑃𝑆𝐸(𝑗)     𝑓𝑣𝑟 𝑃𝑆𝐸𝑖 + 𝑃𝑆𝐸(𝑗) ≤ 𝑆𝑀(𝑗) −𝑊𝑃(𝑗)𝑆𝑀(𝑗) −𝑊𝑃(𝑗)       𝑓𝑣𝑟 𝑃𝑆𝐸𝑖 + 𝑃𝑆𝐸(𝑗) > 𝑆𝑀(𝑗) −𝑊𝑃(𝑗)  
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Where: 
𝑃𝑆𝑖(𝑗) = The actual soil evaporation 
𝑃𝑆𝐸(𝑗) = Excess evaporative demand 
𝑆𝑀(𝑗) = Soil moisture 
𝑊𝑃(𝑗) = Wilting point 
 
Actual plant transpiration is calculated in the same way, using the calculated 
plant transpiration demand, while accounting for the available water in the soil. If the 
potential transpiration is greater than the available soil water remaining after soil 
evaporation has occurred, then the remaining transpiration demand is passed on the 
next segment. The available water for plant transpiration per segment is the soil 
moisture above wilting point minus the water removed by soil water evaporation. 
Equation 19 
𝑃𝑃𝑖(𝑗)
⎩
⎪⎪
⎨
⎪⎪
⎧
𝑃𝑃𝐸𝑖(𝑗) + 𝑃𝑃𝐸(𝑗)       𝑓𝑣𝑟 𝑃𝑃𝐸𝑖(𝑗) − 𝑃𝑃𝐸(𝑗) ≤ 𝐴𝑊𝑖(𝑗)                                             𝑎𝑛𝑎 𝑃𝑃𝐸𝑖(𝑗) + 𝑃𝑃𝐸(𝑗)  ≤ 𝑃𝑃𝐿𝑖(𝑗)
𝐴𝑊𝑖(𝑗)                             𝑓𝑣𝑟  𝑃𝑃𝐸𝑖(𝑗) − 𝑃𝑃𝐸(𝑗) > 𝐴𝑊𝑖(𝑗)                       𝑎𝑛𝑎 𝐴𝑊𝑖(𝑗) ≤ 𝑃𝑃𝐿𝑖(𝑗)
𝑃𝑃𝐿𝑖(𝑗)                          𝑓𝑣𝑟 𝑃𝑃𝐸𝑖(𝑗) − 𝑃𝑃𝐸(𝑗) > 𝐴𝑊𝑖(𝑗)                      𝑎𝑛𝑎 𝐴𝑊𝑖(𝑗) > 𝑃𝑃𝐿𝑖(𝑗)
 
 
𝐴𝑊𝑖(𝑗) =  𝑆𝑀(𝑗) − [𝑃𝑆𝑖(𝑗) + 𝑊𝑃(𝑗)] 
Where: 
𝑃𝑃𝑖(𝑗) = The actual plant transpiration 
𝑃𝑃𝐸(𝑗) =Excess evaporative demand 
𝑃𝑃𝐿𝑖(𝑗) = The plant transpiration limit for segment j on day i 
 
The actual evapotranspiration for segment j on day i is the sum of the actual soil 
water evaporation and the actual plant transpiration from segment j. 
Equation 20 
𝑃𝑇𝑖(𝑗) = 𝑃𝑆𝑖(𝑗) + 𝑃𝑃𝑖(𝑗) 
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The total subsurface evapotranspiration is the sum of evapotranspiration from the 
seven segments. 
Equation 21 
𝑃𝑇𝑆𝑖 = �𝑃𝑇(𝑗)7
𝑖=1
 
The total evapotranspiration on day i is the sum of surface evaporation and 
subsurface evapotranspiration 
Equation 22 
𝑇𝑃𝑇𝑖 = 𝑃𝑇𝑆𝑖 + 𝑃𝑆𝑆𝑖 
Where: 
𝑇𝑃𝑇𝑖 = Actual total evapotranspiration on day i 
 
A vegetative growth and decay model is also employed by HELP. This model 
accounts for variation is leaf area index throughout the year and therefore results in 
changes in the plant transpiration demand throughout the year. 
 
Subsurface water routing  
Once the infiltration into the top profile of the landfill and evapotranspiration 
from it has been calculated water is routed through the landfill profiles. The approach 
used is a storage routing procedure and this occurs from the top segment to bottom 
segment through the landfill. The change is storage is evaluated for each segment  
Equation 23 
∆𝑆𝑡𝑣𝑟𝑎𝐿𝑒 = 𝐸𝑟𝑎𝑖𝑛𝑎𝐿𝑒 𝐼𝑛 − 𝐸𝑟𝑎𝑖𝑛𝑎𝐿𝑒 𝑂𝑢𝑡 − 𝑃𝑣𝑎𝑝𝑣𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑣𝑛 +𝐿𝑒𝑎𝑐ℎ𝑎𝑡𝑒 𝑃𝑒𝑐𝑖𝑟𝑐𝑢𝑣𝑎𝑡𝑖𝑣𝑛 + 𝑆𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝐼𝑛𝑓𝑣𝑣𝑤 
Equation 24 
∆𝑆𝑀(𝑗) = 0.5{[𝐸𝑃𝑖(𝑗) + 𝐸𝑃𝑖−1(𝑗)] − [𝐸𝑃𝑖(𝑗 + 1) + 𝐸𝑃𝑖−1(𝑗 + 1)]
− [𝑃𝑇𝑖(𝑗) + 𝑃𝑇𝑖−1(𝑗)] + [𝑃𝐶𝑖(𝑗) + 𝑃𝐶𝑖−1(𝑗)] + [𝑆𝐼𝑖(𝑗) + 𝑆𝐼𝑖−1(𝑗)]} 
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Where: 
∆𝑆𝑀(𝑗) = Change in moisture storage for layer j, in inches 
𝐸𝑃𝑖(𝑗) = Drainage into layer j from above, in inches 
𝑃𝑇𝑖(𝑗) = Evapotranspiration from layer j, in inches 
𝑃𝐶𝑖(𝑗) = Lateral drainage recirculated into segment j, in inches 
𝑆𝐼𝑖(𝑗) = Subsurface inflow into segment j, in inches 
The storage routing approach is applied to all segments of the landfill, with the 
exception of liners and the segment above the liner, as liner leakage is calculated 
separately. The only unknown terms in Equation 24 are the soil moisture SM, and the 
drainage DR (j+1), as all the other terms have been previously calculated or have 
user assigned values. DR (j+1) represents the drainage out of layer j into the below 
layer, as layers are labelled from top to bottom. These two unknowns are solved by 
HELP simultaneously using equations 24 and the equation for vertical drainage. The 
rate of vertical drainage is governed by Darcy’s law 
Equation 25 
𝑞 = 𝐾 𝑖 = 𝐾 𝑎ℎ
𝑎𝑣
 
Where: 
𝑞 = The rate of flow, inches/day 
𝐾 = hydraulic conductivity, inches/day 
𝑖 = hydraulic head gradient, dimensionless 
ℎ = piezometric head (elevation plus pressure head), inches 
𝑣 = length in the direction of flow, inches 
The hydraulic head gradient is calculated as follows: 
Equation 53 
𝑖 = 𝑎ℎ
𝑎𝑣
= ℎ𝑤 + 𝑣
𝑣
 
Where: 
ℎ𝑤 = pressure head on top of layer, inches 
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HELP assumes that head is constant throughout each layer. If vertical drainage is 
restricted out of a layer then head builds up on top of the surface. 
Equation 27 
𝐸𝑃𝑖(𝑗 + 1) = 𝐾𝑗(𝑗) × 𝑖 × 𝐸𝑇 �𝑆𝑀𝑖(𝑗) − 𝑃𝑆(𝑗)𝑈𝐿(𝑗) − 𝑃𝑆(𝑗) �3+ 2𝜆(𝑖) 
Where: 
𝑆𝑀𝑖(𝑗) = Soil water content (θ)   
𝑃𝑆(𝑗) = The residual soil water content (θr) 
𝑈𝐿(𝑗) = The saturated soil water content or upper limit (ɸ) 
Equation 27 however still requires a value SM(j). To solve this the equation is 
rearranged to solve for SM(j) and then plugged into equation 24, and solved for 
DR(j+1). Once DR(j+1) is known the soil moisture SM(j) can be calculates using 
equation 24. The water routing procedure can result in the drainage of more liquid 
than the layer below is able to hold and drain. If this occurs the excess water is 
routed back to the original segment.  
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Soil liner percolation: 
The rate of soil liner percolation depends on the magnitude of the hydraulic 
head. The head on liner is a function of the thickness of all saturated segments 
directly above the liner and the water content of the first unsaturated segment above 
the liner.  
Equation 28 
ℎ𝑤(𝑘)𝑖
⎩
⎪⎪
⎨
⎪⎪
⎧𝑇𝑆(𝑚) × 𝑆𝑀𝑖(𝑚) − 𝐹𝐶(𝑚)
𝑈𝐿(𝑚) − 𝐹𝐶(𝑚) + � 𝑇𝑆(𝑗)𝑛
𝑖=𝑚+1
𝑓𝑣𝑟 𝑆𝑀𝑖(𝑚) > 𝐹𝐶(𝑚) 𝑒𝑣𝑠𝑒
� 𝑇𝑆(𝑗)𝑛
𝑖=𝑚+1
 
Where: 
ℎ𝑤(𝑘)𝑖 = average hydraulic head on liner k, in inches 
𝑇𝑆(𝑗) = thickness of segment j 
𝑚 = number of lowest unsaturated segment in profile k 
𝑛 = number of the segment directly above the soil liner in profile k 
HELP assumes that the soil liner remains saturated at all times. Percolation will 
occur when there is a positive hydraulic head on top of the liner. If there is no head 
on the liner then no percolation will occur. The percolation through the soil liner is 
calculated using Darcy’s law.  
Equation 29 
𝑞𝑝(𝑘)𝑖 = 𝐾𝑗(𝑛 + 1)ℎ𝑤(𝑘)𝑖 + 𝑇𝑆(𝑛 + 1)𝑇𝑆(𝑛 + 1)         𝑓𝑣𝑟 ℎ𝑤(𝑘)𝑖 > 0  
Where: 
𝑞𝑝(𝑘)𝑖 = percolation rate from profile k  
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Geomembrane Leakage 
Even though Geomembranes are virtually impermeable, leakage occurs in 
areas of defect, punctures, tears, cracks and bad seams. HELP calculates leakages 
through geomembranes by allowing the user to specify the relative abundance of 
defects, defects occurring during installation, the transmissivity of the geotextile and 
the quality of the liner contact with the adjacent soil. Defects are the geomembrane 
are described as pinholes and liquid can pass through these pinholes. The rate of flow 
through pinholes in damaged sections of the geomembrane is described as  
Equation 30 
𝑞ℎ = 𝐾𝑗𝑖𝑎𝑣𝑘𝑛 𝜋 𝑃2 �𝜂20𝜂15� 
Where: 
𝑞ℎ = interfacial flow leakage rate through flawed geomembrane, m/s 
𝐾𝑗 = saturated hydraulic conductivity of the controlling soil layer, m/s 
𝑖𝑎𝑣𝑘 = average hydraulic gradient on wetted area of controlling soil layer, 
dimensionless 
𝑛 = density of flaws, # per m2 
𝑃 = Interfacial flow around flaw, m 
𝜂20/15 = absolute viscosity of water at 20°C/15°C 
 
Liquid can also pass through sections of a geomembrane that are undamaged, 
at a molecular level. Liquid passes through intact sections by vapour diffusion, due to 
differences in liquid or vapour pressure.  
Equation 31 
𝑞𝐿𝑖(𝑘)𝑖 = �𝐾𝑘(𝑘)ℎ𝑘(𝑘)𝑖 + 𝑇𝑘(𝑘)𝑇𝑘(𝑘)       𝑓𝑣𝑟 ℎ𝑘(𝑘)𝑖 > 00                                             𝑓𝑣𝑟 ℎ𝑘(𝑘)𝑖 = 0  
Where: 
𝑞𝐿𝑖(𝑘)𝑖 = geomembrane leakage rate by diffusion during time step i, inches/day 
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𝐾𝑘(𝑘) = equivalent saturated hydraulic conductivity of geomembrane in sub 
profile k, inches/day 
ℎ𝑘(𝑘)𝑖 = average hydraulic head on geomembrane liner in sub profile k, during 
time step i, inches 
𝑇𝑘(𝑘) = Thickness of the geomembrane 
 
 
 
